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ABSTRACT 


A  study  prQgruin  was  conducted  to  deteimine  tUe  factors  that  must 
he  considered  In  tha  developnent  of  contactless  switching  devices  and 
asaewhllea  for  performing  the  functions  presently  accomplished  by  conven¬ 
tional  electromechanioal  switching  devices.  Problem  areas  and  semlcon- 
duetor  characterlatios  are  discussed  in  light  of  aircraft  electrical 
system  requirements  so  that  design  criteria  can  be  established. 

A  chart  comparing  characteristics  of  typical  oleotromeohanioal 
switching  components  to  the  contactless  switching  concept  is  presented, 

Conclusions  are  offered  concerning  the  factors  to  be  considered 
in  the  developnent  of  contactless  switching  devices  and  assemblies  to  be 
compatible  with  present  and  anticipated  aircraft  electrical  system  requlra- 
mants.  These  factors  are  discussed  for  devices  and  assemblies  which  will 
perform  the  functions  of  relays,  circuit  breakers  and  switches;  including 
switching  and  control  of  the  primary  bus. 
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PART  I 


1.  Purpose 

The  basic  purpose  of  the  Contactless  Switching  Investigation  Program 
Is  to  determine  the  feasibility  of  developing  a  highly  reliable  and 
easily  maintained  aircraft  electrical  system,  utilizing  contactless  switch¬ 
ing  techniques.  The  program  consists  of  three  phases:  Phase  I  -  Investi¬ 
gation  of  Contactless  Switching  Concepts  with  Reference  to  Aircraft 
Systems  Requirements;  Phase  II  -  Investigation  of  Available  Contactless 
Switching  Concepts  Within  the  Ranges  Required  for  Switching  and  Control  of 
Electric  Power;  and  Phase  III  -  Investigation  of  the  Feasibility  of 
Developing  New  or  Improved  Contactless  Switching  Concepts  Meeting  Aircraft 
Requirements.  This  report  covers  only  the  Phase  I  effort.  Other  Phase 
reports  will  cover  the  work  performed  daring  respective  phases  of  the 
program. 

The  prime  objective  during  Phase  I  of  the  Contactless  Switching 
Program  was  to  conduct  an  investigative  engineering  study  of  contactless 
switching  concepts  with  reference  to  aircraft  electrical  systems  require¬ 
ments.  The  object  of  this  investigation  was  to  define.  Insofar  as 
practicable,  all  the  factors  to  be  considered  in  the  development  of 
contactless  switching  devices  and  asseiiblles  for  performing  the  functions 
presently  accomplished  by  such  conventional  electromechaniced  switching 
and  control  devices  as  relays,  switches,  and  circuit  breakers;  Including 
switching  and  protection  of  the  priuary  bus.  The  basic  alms  were  to 
determine  the  compatibility  of  contactless  switching  and  protective 
concepts  with  existing  and  anticipated  aircraft  electrical  systems 
requirements  by  considering  application  techniques  which  would  enable  the 
basic  functions  to  be  integrated  into  a  switching  control  matrix  capable 
of  being  operated  from  low  level  signals  transmitted  over  small  wires. 

The  investigations  and  studies  included  the  following: 

a.  Review  of  the  f8U-2  (F-8c)  schematic,  applicable  military  specifi¬ 
cations  and  characteristics  of  utilization  components  to 
determine  and  establish  electrical  system  requirements. 

b.  Review  of  the  characteristics  of  existing  semiconductor  devices 
and  assemblies  to  determine  applications  and  compatibility  of 
contactless  switching  and  protective  concepts. 

c.  Analysis  and  evaluation  of  accvuniilated  information  to  establish 
all  the  factors  that  must  be  considered  in  the  development  of 
contactless  switching  and  protective  devices  and  assemblies  to 
meet  aircraft  electrical  system  requirements. 


2.  Detail  Factual  Data 


a.  Aircraft  Electrical  aysteins  Requirements 

Investigations  were  conducted  to  establish  the  basic  requirements  of 
aircraft  electrical  systems,  considering  the  present  and  future  requirements 
of  applicable  military  specifications  and  aircraft  design  practices.  The  air¬ 
craft  electrical  system  was  divided  into  four  areas  for  the  Investigations: 
generation,  distribution,  utilization,  and  control. 

(l)  Generation 

In  order  to  establish  compatibility  between  aircraft  electric 
power  generating  systems  and  the  contactless  swtiching  system,  it  is  necesssiry 
that  the  characteristics  of  the  generating  system  and  associated  regvdatlng 
equipment  designed  to  military  specifications  be  investigated  to  establish  the 
extreme  limits  to  which  the  contactless  switching  system  will  be  subjected. 
This  investigation  considered  all  sources  of  electric  power  supplied  to  the 
system. 


(a)  AC  Power 

The  AC  power  generating  system  designed  to  MIL-STD-704  spec¬ 
ification  is  a  3-phase  U-wlre  "Y"  system  with  a  nominal  voltage  of  115/200 
volts.  The  neutral  is  connected  to  the  primary  aircraft  structure  and  is  con¬ 
sidered  as  the  foxjrth  wire.  The  llne-to-neutral  voltage  transients  that  can 
be  imposed  on  the  system  are  shown  in  Figure  1.  The  voltage  transients,  when 
converted  to  their  step  function  loci  are  within  the  limits  bound  by  curves  2 
and  3  for  norwial  operation  and  curves  1  and  h  for  abnormal  operation.  Normal 
operation,  as  defined  by  ItTL-STD-TOU,  occurs  at  any  given  instant  and  any 
number  of  times  during;  flight  prei)aration,  talcecff;  airborne  conditions,  landing 
and  anchoring.  Exatrqiles  of  such  operations  are  switcliing  of  loads,  engine 
speed  clmnges,  bus  switcliing  and  synchronization,  and  paralleling  of  electric 
power  sources.  Abnormal  operation  is  an  unexpected  momentary  loss  of  control 
of  the  system.  This  operation  occurs  possibly  once  during  a  flight  or  it  may 
never  occur  during  the  life  of  the  velilcle.  An  example  of  abnormal  operation 
is  the  occurrence  of  a  fault  on  the  system  and  its  subsequent  clearing  by  a 
fault  protective  device.  The  line-to-line  AC  voltage  transients  tlat  can  be 
imposed  on  a  system  by  the  generation  and  reg\ilation  equipment  are  shown  in 
Figxire  2.  The  voltage  transients,  when  converted  to  their  step  function  loci 
eu:e  within  the  limits  bound  by  curves  2  and  3  for  normal  operation  and  curves 
1  and  4  for  abnormal  operation.  The  phase  dlsplacenent  between  adjacent 
phases  is  120  “±1.5®.  liaxiraum  phase  unbalance  is  3  volts  between  phases  of  the 
highest  and  lowest  voltage.  The  wave  form  of  llne-to-neutral  and  line-to-line 
sources  has  a  crest  factor  of  1.4l  ±  0.1  and  a  total  harmonic  content  of  4  per 
cent  of  the  fundamental  (rms)  with  linear  loads  and  5  per  cent  with  non-linear 
loads.  The  steady- state  voltage  limits  for  the  AC  system  shall  be  within  the 
limits  shown  in  Table  I.  Emergency  system  operation  is  defined  as  that  con¬ 
dition  of  the  electric  system  during  flight  when  the  primary  electric  source 
becomes  unable  to  supply  sufficient  or  proper  power,  thus,  requiring  the  use 
of  a  limited  independent  alternate  source  of  power.  Utilization  equipment 


TABIE  I  STEADY-STATE  AC  ' 

VOLTAGE  LIMITS 

Mode  of 

Single-phase  limits 

Average  of  3  phases 

Operation 

Normal 

Emergency 

limits 

Normal 

Emergency 

CATEGORY  "A" 

109.5-119.5 

107-122 

110.5-117.5 

108-120 

CATEGORY  "B" 

107.5-119.5 

105-122 

108.5-]d.7.5 

106-120 

CATEGORY  "C" 

103.5-119.5 

101-122 

104.5-;l17.5 

102-120 

TABLE  II  STEADY- 

■STATE  DC  VOLTAGE 

LUCCTS 

Start 

Takeoff 

Category 

Warmup 

CliiTib 

CmiLse-combat 

Landing 

Emergency 

"A" 

21.5-29 

25.5-28.5 

21.5-28.5 

17.5-29 

"B" 

21-29 

25-28.5 

21-28.5 

17-29 

"C" 

20-29 

24-28.5 

20-28.5 

16-29 

TABI£  III  SYSTEM  VOLtEAGES  AMD  ALLOWABI£  VDIfllAGE  IJROPS 


NOMINAL  SYSTEM 
VOISAOE 


MAXIMUM  ALLOWABIE  VOlirAaE  I»QP 
OPERATING  CONDITIONS 
CONTINUOUS  IKEERMOTENT 


28 


1 


2 


115 


4 


8 


200 


14 


5 


categories  are  explained  under  the  ublllzatlon  section.  The  AC  power  genera¬ 
tion  and  regulation  system  has  a  steady-state  frequency  of  UOO  -20  cps. 
Frequency  transients  are  contained  within  limits  2  and  3  for  normal  operations 
and  within  limits  1  and  4  for  abnormal  operations  as  shown  In  Figure  3* 

(b)  DC  Power 

The  DC  power  system  is  a  2-wlre  grounded  system  having  a 
ncmlnail  voltage  of  26  volts.  The  negative  terminal  of  the  power  generation 
source  Is  connected  to  the  primary  aircraft  structure  which  Is  considered  as 
the  second  wire.  The  DC  voltage  transients  are  contained  within  the  limits 
shown  In  Figure  4.  The  voltage  transients,  when  converted  to  their  step 
function  loci  are  within  the  limits  bound  by  curves  2  and  3  for  nonml  opera¬ 
tion  and  curves  1  and  4  for  abnormal  operation.  The  steady-state  limits  shall 
be  within  the  limits  shown  In  Table  II. 

(2)  Distribution 

The  aircraft  electrical  power  distribution  system  consists  of 
control  devices,  protective  devices  and  wiring  for  the  Interconnection  of 
electric  power  and  utilization  equlpoent.  The  wiring  and  associated  control 
and  protective  devices  shall  be  such  that  a  sed^e  and  reliable  distribution 
system  will  be  provided.  The  total  impedance  of  the  wiring  and  ground  paths. 
Including  control  and  circuit  protection  accessories,  shall  be  such  that  the 
voltage  drop  between  the  point  of  regulated  voltage  and  the  utilization  equip¬ 
ment  does  not  exceed  the  limits  shown  In  Table  III.  The  power  distribution 
system  will  be  subjected  to  varying  voltages  depending  on  the  operating  condi¬ 
tions  of  the  generating  and  regulating  system.  When  the  distribution  system 
is  supplying  power  to  single  phase  AC  loculs,  the  wiring  and  control  accessories 
will  be  subjected  to  11^  volts  rms,  during  steady-state  normal  operating  condi¬ 
tions  and  190  volts  rms  during  transient  abnormal  operating  conditions.  The 
three-phase  distribution  system  Is  subjected  to  200  volts  rms  llne-to-llne 
during  steady-state  normal  conditions  and  to  330  volts  rms  during  transient 
abnormal  operating  conditions.  Wiring  and  control  devices  used  for  bus 
switching  In  the  power  distribution  system  are  subjected  to  higher  voltages. 
When  switching  AC  power  to  a  conaon  bus  from  two  generating  sources,  the  wire 
and  control  devices  can  be  subjected  to  voltages  of  38O  volts  rms  during  a 
transient  abnormal  operating  condition  if  the  voltage  from  the  two  sources  cure 
180^  out  of  phsue.  The  DC  power  distribution  system  Is  subjected  to  voltages 
of  28  volts  during  normal  steady-state  operating  conditions  and  to  80  volts 
during  transient  abnormal  operating  conditions.  When  switching  power  to  a 
common  DC  bus,  the  system  will  be  subjected  to  a  maxlmvm  of  80  volts;  however, 
the  control  devices  must  be  able  to  withstand  the  voltage  In  both  the  forward 
Eud  reverse  direction. 

As  previously  stated,  the  distribution  system  must  be  safe  as 
well  as  reliable.  During  a  fault  condition,  power  must  be  Interrupted  In 
any  feeder  exhibiting  a  fault  condition.  This  interruption  of  power  shsdl  not 
cause  eui  unsafe  condition  although  the  performance  of  the  equipment  connected 
to  the  feeder  may  be  lost. 
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Power  interr\iption  devices  presently  consist  of  two  general  types; 
fusatle  links  and  electromechanical  circuit  hreakers  hoth  of  which  are  widely 
used.  Circuit  breakers  have  the  requirement  of  being  manually  reset  with  trip 
free  characteristics. 

The  electrical  current  requirements  that  must  be  supplied,  to  loads 
in  a  typical  aircraft  electrical  system,  as  determined  from  the  model  P8U-2 
schematic  are  shown  in  Figure  5»  The  loads  receive  power  from  buses  having 
various  priorities  such  as  emergency,  primary  and  secondary.  Each  of  these 
buses  is  supplied  power  from  one  or  more  sources.  The  bus  switching  control 
devices  must  remote  one  source  from  the  bus  before  any  other  source  is  applied 
to  prevent  damage  to  the  generating  sources. 

In  order  to  Insure  satisfactory  operation  in  aircraft,  the  com¬ 
ponents  used  in  the  distribution  and  control  systems  shall  be  subjected  to 
environmental  testing  as  specified  in  MIIj-E-5272.  These  tests  include: 

(a)  Hl^  temperature  per  procedure  I  at  the  specified  temperature 
up  to  125  ‘C. 

(b)  Low  temperature  per  procedure  I.  (-5^'’C) 

(c)  Vibration  per  procedure  XII  which  requires  cycling  between 
5  and  500  cps  at  an  acceleration  of  ±10g. 

(d)  Acceleration  per  procedure  III.  The  acceleration  force  shall 
be  1kg  in  each  direction  along  each  of  its  three  axes. 

(e)  Humidity  tests  per  procedure  I  which  requires  a  relative 
humidity  of  95  per  cent  at  the  specified  tenperature. 

(f)  Salt  spray  test  per  procedure  I  which  is  in  accordance  with 
Federal  Test  Method  Standard  No.  151,  Method  811. 

(g)  Altitude  per  procedure  VI  which  specifies  normal  operations 
to  altitudes  of  100,000  feet  at  -5k“C. 

(h)  Fungus  tests  per  procedure  I. 

Relays  used  I’or  contro3-Ling  power  in  the  distribution  system  must 
have  snap  action  operation  "ON"  and  "OFF"  in  accordance  with  the  level  of  the 
actuating  signal.  Circuit  breakers  and  switching  devices  must  have  snap  ac¬ 
tion  operation  "ON"  and  "OFF"  in  accordance  with  the  manual  force  required  for 
actuation.  Electrical  isolation  must  exist  between  the  actuating  circuit  and 
contact  circuits  in  relay  type  controls.  Ihe  open  circuit  resistance  shall 
exceed  100  megohms  of  resistance.  The  contact  drop  shall  not  exceed  200  mil¬ 
livolts  at  rated  current.  Contact  bounce  shall  not  exceed  limits  as  required 
for  specified  devices  which  generally  should  be  less  than  one  millisecond, 
laical  values  are  in  the  neighborhood  of  25/^  sec.  Relay  type  devices  shall 
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be  capable  of  withstanding  1,000  $  rated  load  for  200  rolUlseconds.  Circuit 
breakers  shall  trip  at  overloads  of  600^  eifter  one  second  at  2^'C. 

(3)  Utilization 

The  utilization  equipment  power  requirements  were  Investigated 
to  determine  the  power  characteristics  required  for  the  equipments  to  function 
properly.  The  types  of  utilization  equipment  used  in  aircraft  are  of  three 
categories,  all  giving  specified  performance  when  supplied  with  power  having 
characteristics  previously  described.  Category  "A"  equipment  requires  the 
power  to  be  supplied  through  a  distribution  system  with  a  maximum  drop  of  2 
volts  AC  and  1/2  volt  DC.  The  use  of  this  equipment  is  limited.  Category 
"B"  equipment  requires  the  power  to  be  siq>plled  through  a  distribution  system 
with  a  maximum  drop  of  4  volts  AC  and  1  volt  DC.  This  is  the  standard  equip¬ 
ment  used.  Category  "C"  equipment  Is  Intermittently  operated  and  requires  a 
distribution  system  with  a  maximum  drop  of  8  volts  AC  and  2  volts  DC.  During 
normal  operating  conditions  of  the  generating  system,  the  utilization  equip¬ 
ment  must  provide  1005^  performance,  remain  safe,  and  automatically  recover  to 
100^  performance  and  be  unaffected  in  reliability  when  degraded  performance 
is  permitted  during  specific  applications.  During  an  abnormal  electric  system 
operation,  the  equipment  need  not  meet  performance  requirements,  must  remain 
safe,  may  have  momentary  loss  of  function,  and  recover  automatically  to  spec¬ 
ified  performance  with  negligible  effect  on  reliability  with  the  return  of  the 
electric  system  to  normal  operation.  For  all  AC  loads  requiring  more  than  500 
VA,  3-phase  power  will  be  used.  Although  it  is  desirable  to  have  equipment 
utilizing  AC  power  to  present  near  unity  power  factor,  the  power  factor  on  the 
worst  phase  can  fall  to  the  limits  shown  in  Figure  6.  The  type  of  loads  used 
in  aircreift  systems  will  Include  resistive,  capacitive,  inductive,  lamp,  and 
motor  loads.  Some  of  these  loads  have  high  inrxish  currents  (xjp  to  15  times 
normal  rated  current).  While  it  would  be  desirable  to  limit  the  inrush  cur¬ 
rent  on  such  loads  as  heaters  and  lamps  to  achieve  longer  life,  it  is  also 
a  reqviirement  to  a.lJ^w  higher  inrush  currents  on  loads  such  as  motors  and 
solenoids  to  provide  high  starting  torques.  Some  of  the  loads  require  power 
switching  while  others  require  groxuid  switching. 

(4)  Control 

Conventional  electrical  system  specifications  have  no  system  re¬ 
quirements  established  for  control  per  se,  although  specification  requirements 
do  exist  for  the  individual  components  which  together  make  iq>  the  control  sys¬ 
tem.  Toggle  switches  of  one  description  or  another  provide  the  source  of 
initiating  signal  from  the  pilot  to  actuate  relays  or  to  power  loadsj  and  relays 
perform  the  control  logic  function.  The  requirements  for  these  conventional 
components  are  determined  by  the  characteristics  of  the  generated  power  and 
utilization  loads.  In  the  contactless  system,  the  control  cooq^onents  are  only 
required  to  provide  the  necessary  "ON"  or  "OFF"  signal  level  to  the  power  con¬ 
tact  and  remain  totally  isolated  from  the  characteristics  of  the  generated 
power  and  the  utilization  load  power  requirements.  Since  the  nature  of  con¬ 
tactless  switching  is  different  from  electromechanical  switching,  It  is  nec¬ 
essary  to  establish  new  design  criteria  to  take  advantage  of  the  desirable 
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characteristics  of  semiconductors  while  retaining  the  desirable  characteristics 
of  electromechanical  devices.  Therefore,  the  investigation  of  electro¬ 
mechanical  devices  is  undertaken  to  establish  basic  system  requirements  and 
thus  provide  a  "yard  stick"  by  which  the  requirements  for  contactless 
switching  may  be  determined. 
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b.  ContactlesB  Switching  Concept  Requirements 

Investigations  were  conducted  to  establish  the  basic  requirements 
that  should  be  inqposed  on  futtire  contactless  switching  concepts  for  applica¬ 
tion  to  aircraft  electrical  systems.  These  requirements  are  based  on  the 
present  and  anticipated  requirements  of  aircraft  electrical  systems  utilizing 
conventional  techniques  along  with  considerations  fur  the  additional  capabili¬ 
ties  and  limitations  of  contactless  switching  techniques. 

A  basic  system  philosophy  was  assumed  for  the  purpose  of  determining 
contactless  switching  concept  requirements  in  light  of  aircraft  electrical 
systems  requirements.  This  basic  philosophy  has  c^-nsiderable  possibility 
for  sliipllfication  and  functional  integration  of  aircraft  electrical  systems. 

The  philosophy  assumed  provides  an  electrical  system  which  consists  of  three 
functional  areas  as  shown  in  Figure  7*  The  signal  source  (analogous  to  a 
switch)  transforms  mechanical  motion  into  an  electrical  signal.  The  control 
logic  accepts  the  Command  signals  from  the  signal  sources  and  dexivers  a  con¬ 
trol  signal  to  the  desired  power  contact.  The  power  contact  controls  the 
power  to  the  utilization  equipment.  The  area  in  which  most  of  the  existing 
electrical  systems  requirements  are  applicable  is  the  power  contact.  Due  to 
the  variation  in  requirements  between  bus  switching  and  protection,  and  load 
switching  and  protection,  these  areas  will  be  discussed  separately.  Conversely 
due  to  the  dependence  of  signal  sources  and  controj.  logic  upon  each  otner,  these 
areas  will  be  discussed  together  under  the  heading  of  Control.  Since  the  sig¬ 
nal  sources  and  Contr-l  logio  in  the  contactless  switching  system  are  not  sub¬ 
jected  to  the  same  electric  power  characteristics  as  the  power  contacts,  the 
existing  established  requirements  inposed  on  the  signal  sources  and  logic  are 
only  those  of  an  cnvironi.iental  nature. 

(1)  Bus  Switching  and  Protection 

The  requirements  established  for  the  bus  switching  and  protection 
system  as  characterized  by  the  established  basic  philosophy  shown  in  Figure  7 
are  discussed  within  the  general  areas  of  environment,  performance  and  electri¬ 
cal  characteristics.  These  requirements  were  established  to  deteimilne  conqiat- 
ibillty  of  the  contactless  switching  system  with  the  aircraft  electric  system 
designed  to  specification  MIL-STD-701+  and  airborne  utilization  equipment.  Since 
circuit  protection  will  be  lncoiT>orated  into  the  load  switching  power  contacts, 
additional  bus  protection  will  not  be  required.  The  degree  of  bus  protection 
obtained  with  the  contactless  switching  concept  will  exceed  present  protection 
obtained  with  conventional  power  contactors  and  circuit  breakers. 

(a)  Environment 

The  enviroiuaentnl  requirements  established  for  bus  switching 
and  protection  are  as  follows; 

1.  High  temperature  -  power  contacts  used  in  the  bus  switch¬ 
ing  systeta  shall  operate  normally  when  subjected  to  the 
high  temperature  test  per  procedure  II  of  specification 
MIL-E-t>272  except  ^he  temperature  shall  be  +85*0. 
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2.  lov  ten^jerature  -  power  contacts  shall  operate  normally 
when  subject  to  a  low  temperatxrre  test  per  procedUire  I 
of  specification  MIi-E-52T2  (-5^*0) 

3.  Shock  -  The  power  contacts  shall  operate  normally  when 
subjected  to  a  shock  test  per  procedure  r/  of  specifica¬ 
tion  MIL-E-5272,  "nie  power  contact  shall  show  no  evi¬ 
dence  of  physical  damage  or  contact  ringing  when  subjected 
to  a  shock  of  I50  g's  with  a  shock  impulse  of  11  milll- 
seconda  in  each  of  its  three  eoces. 

4.  Vibration  -  the  power  contacts  shall  be  subjected  to  a 
vibration  test  per  Standard  MIL- STD-202  test  condition 
D.  The  contact  shall  be  svibjected  to  30  g's  between  the 
frequency  range  of  10  and  2000  cps  in  20  minutes.  The 
power  contact  shall  have  no  Intermittent  operation  or 
contact  ringing  during  this  test, 

5.  Acceleration  -  Tlie  power  contacts  shall  be  subjected  to 
an  acceleration  test  per  procedure  III  of  specification 
MIL-E-5272  except  the  acceleration  shall  be  100  g's. 

There  sliall  be  no  evidence  of  intermittent  operation  or 
ringing  of  contacts, 

6.  Salt  spray  -  The  power  contact  shall  be  svibjected  to  a 
salt  spray  test  in  accordance  with  Standard  MIL-STD-202 
test  condition  A  with  no  evidence  of  corrosion  on  the 
device. 

7.  ttolsture  resistance  -  the  power  contact  shall  be  subjected 
to  a  moisture  resistance  test  in  accordance  with  tfethod 
106  of  Standard  MIL-STD-202  with  no  resulting  deterioration 
of  electrical  characteristics. 

8.  Hvimldlty  (steady  state)  -  the  power  contact  shall  be  sub¬ 
jected  to  a  humidity  test  in  accordance  with  Method  103 
of  Standard  MIL-STO-202  test  condition  A  with  no  result¬ 
ing  deterioration  of  electrical  characteristics. 

9.  Immersion  -  the  power  contact  shall  be  subjected  to  an 
Iraraersion  test  per  Method  104  test  condition  a  of  Stan¬ 
dard  MIL-S'n)-202  to  determine  the  effectiveness  of  the 
sealing.  No  deterioration  in  electrical  characteristics 
shall  be  evident  during  or  after  the  tests. 

10.  Altitude  -  the  power  contact  shall  operate  normally  when 
subjected  to  a  barometric  pressvcre  test  in  accordance 
with  Method  I05  test  condition  D  (100,000  ft)  of  Standard 
MIL-STD-202. 
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(b )  Performance 

The  following  performance  rei^uiretiients  are  establiahed 
for  btis  switching  power  contacts: 

1.  Actuate  ^/ith  snap  action  "ON"  and  "OFF"  in  accord¬ 
ance  with  the  level  of  the  actmting  signal. 

2.  Perform  the  de.sired  functions  at  rated  cxanrent 
and  voltage  for  a  minimum  of  1,000,000  operating 
cycles  during  10,000  hours  life  test  with  no 
degradation  in  performance. 

(c)  Electrical 

The  electrical  characteristics  requirements  for  power 
contacts  in  the  bus  switching  and  protection  system  are  as  follows: 

1.  Voltage  rating  -  power  contacts  shall  withstand  a 
voltage  of  600  volts  in  the  forward  and  reverse 
directions  for  AC  bus  switching  and  a  voltage  of 
100  volts  in  the  forward  and  reverse  directions 
for  DC  bus  switching. 

2.  Contact  drop  -  with  the  power  contact  carrying 
currents  between  one  and  100  percent  rated  current, 
the  voltage  drop  across  the  contact  s'nall  not  exceed 
1.0  volt. 

3.  Lealtage  current  -  the  leakage  current  shall  not  ex¬ 
ceed  3*0  mllliaraps  at  rated  voltage  and  temperature. 

4.  Overload  -  the  power  contact  shall  withstand  an 
overload  of  600  percent  rated  current  at  rated 
voltage  for  200  iidlliseconds  with  no  detrimental 
effects  to  the  device.  The  contact  shall  withstand 
the  overload  at  a  switching  rate  up  to  20  cycles 
per  minute  for  a  50  percent  duty  cycle  provided  the 
"ON"  time  does  not  exceed  200  milliseconds. 

5.  Surge  -  the  power  contact  shall  withstand  a  s\jrge 
current  of  15  times  rated  current  for  50  milliseconds 

6.  Pick-up  voltage  -  the  power  contact  shall  assume  a 
conduct!  i:g  state  when  a  DC  potential  equal  to  or 
greater  than  two  volts  is  applied  to  the  device. 
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7>  Dropout  voltage  -  the  power  contact  shall  assume  a  non¬ 
conducting  state  when  a  DC  potential  equal  to  or  less 
than  1.0  volt  is  applied  to  the  device. 

8.  Control  current  -  the  control  current  shall  not  exceed 
50  microamperes  at  rated  voltage. 

9.  Contact  bounce  -  there  shall  be  no  contact  ringing  when 

switching  from  conducting  to  non-conducting  state  or 
vice-versa.  , 

10.  Radio  noise  -  the  power  contact  shall  not  create  elec¬ 
trical  interference  beyond  the  limits  specified  in  spec¬ 
ification  MIL-I-6181. 

11.  Efficiency  -  the  operating  efficiency  of  the  bus  switch¬ 
ing  system  shall  be  95  percent  minimum  during  normal 
operations. 

(2)  load  Switching  and  Protection 

'Die  requirements  established  for  the  load  switching  and  protec¬ 
tion  system  as  characterized  by  the  established  basic  design  philosophy  shown 
in  Figure  7  will  be  Bimllar  to  the  requirements  established  for  the  bus  switch¬ 
ing  and  protection  system.  Only  where  the  requirements  differ  will  new  require¬ 
ments  be  established. 

(a)  Environment  -  same  as  bus  switching  and  protection  power  con¬ 
tracts  . 

(b)  Performance 

The  bus  switching  and  protection  requirements  are  applicable 
plus  the  following  requirements  are  established: 

1.  The  power  contact  shall  perform  the  function  of  circuit 
protection  as  well  as  power  control. 

2.  The  power  contact  shall  assume  its  non-conducting  state 
when  operating  into  a  fault  condition. 

3.  The  power  contact  shall  be  capable  of  being  reset  remote¬ 
ly. 

4.  The  power  contact  sliall  assxime  an  "open"  condition  \;q>on 
failure  of  the  device. 

(c)  Electrical 

The  following  electrical  characteristics  are  established  for 
load  switching  and  protection: 
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1.  Voltage  rating  -  the  power  contacts  shall  withstand  a 
forward  and  reverse  voltage  rating  of  300  volts  for  single 
phase  AC  loads  and  500  volts  for  three  phase  AC  loads. 

TSie  device  shall  have  a  forward  voltage  rating  of  100 
volts  for  DC  loads. 

2.  Contact  drop  -  same  as  hus  switching. 

3.  Leakage  Current  -  same  as  "bus  switching. 

4.  Overload  -  the  power  contact  shall  withstand  an  overload 
condition  of  600  percent  for  50  milliseconds  and  200  per¬ 
cent  for  200  milliseconds. 

5.  Surge  -  the  power  contact  shall  withstand  a  surge  current 
rating  of  10  times  rated  current  for  10  milliseconds. 

6.  Pick-up  voltage  -  same  as  bus  switching. 

Y.  Drop-out  voltage  -  same  as  bus  switching. 

8.  Control  current  -  same  as  bus  switching, 

9.  Radio  noise  -  same  as  bus  switching. 

10.  Efficiency  -  same  as  bus  switching. 

11.  Trip  current  -  The  load  switching  power  contact  shall 
interrupt  a  300  percent  overload  between  4o  and  100  mil¬ 
liseconds.  An  overload  in  excess  of  1,000  percent  shall 
be  interrupted  within  10  milliseconds. 

12.  Reset-voltage  -  the  power  contact  shall  assume  its  con¬ 
ducting  state  when  a  reset  voltage  of  equal  to  or  greater 
than  2.0  volt  is  applied  to  the  device. 

13.  Reset  current  -  the  reset  current  shall  not  exceed  50 
microanqjeres  at  rated  voltage. 


(3)  Control 

Power  is  delivered  from  the  power  source  to  the  utilization  loads 
tlirough  power  contacts  in  the  contactless  switching  approach.  The  contacts  are 
controlled  "ON"  or  "OFF"  by  a  control  system  consisting  of  signal  sources  and 
control  logic.  Since  the  contactless  control  system  is  not  required  to  provide 
or  transmit  power  with  the  same  characteristics  as  the  load  power,  the  concept 
requirements  for  the  control  system  may  be  considered  separately  from  the  con¬ 
cept  requirements  for  the  power  contacts.  This  separation  permits  con5)lete 
freedom  in  selecting  performance  and  electrical  characteristics  of  the  control 


Bystem,  except  for  the  output  signal  to  the  power  contact.  The  two  elements 
of  the  control  system  are  however  somewhat  Interdependent,  and  therefore  their 
concept  requirements  will  he  similar. 

(a)  Signal  Sources 

Signal  source  couqponents  are  synonymous  in  purpose  to 
mechanical  toggle  or  micro-switches.  The  requirements  for  these  are  noted 
as  follows: 

1 .  Environment 

Same  as  paragraph  2.b.(l)(a)  except  as  noted. 

Shock  -  50  g's 

Acceleration  -  50  g's 

2.  Performance 

a.  Transduce  mechanical  motion  into  an  electrical  out¬ 
put  signal. 

b.  Provide,  in  the  case  of  pilot  actuated  signal  sovurces, 
a  visiuil  indication  of  the  signal  source  condition  of 
"OK"  or  "OFF"  and  also,  adequate  human  englneerli^g  to 
facilitate  pilot  manipulation. 

c.  Produce  a  continuous  signal  output  or  continuous  signal 
absence  for  steady-state  signal  requirements. 

d.  Produce  a  short  duration  single  output  (pulse)  or  short 
duration  single  absence  (pulse)  for  momentary  signal 
requirements . 

e.  Produce  a  clean  snap  action  step  change  in  output 
signal  level. 

f.  Provide  a  memory  such  that  subsequent  applications  of 
power  to  a  de-energized  system  will  produce  the  same 
electrical  response  that  existed  before  the  system 
was  de-energized. 

3 .  Electrical 

a.  Provide  a  suitable  signal  characteristic  to  succeed¬ 
ing  stages  of  the  electrical  system,  l.e.  the  control 
logic  or  power  contact. 
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b.  Maintain  the  selected  state  of  "OH"  or  "OFF"  signal 
level  independent  of  outside  influences  such  as  sig¬ 
nal  noise,  temperature,  shock,  vibration,  etc,, 
incident  within  the  flight  vehicle. 

The  signal  source  elements  have  no  precedent  characteristics 
defining  the  manner  in  whir?’-  the  foregoing  concept  reqxilrements  will  be  met. 

It  is  therefore  necessary  tnat  their  detail  characteristics  such  as  supply  vol¬ 
tages,  signal  levels,  frequency  responses  and  circuit  configurations  be  evolved 
and  tailored  during  the  Phase  II  design  study  to  meet  the  compatibility  require¬ 
ments  of  the  associated  contactless  electrical  system  components. 

(b)  Control  Logic 

Control  logic  devices  ore  synonymous  in  purpose  with  the  ma¬ 
jority  of  electromechanical  relays  used  in  typical  aircraft  in  that  they  will 
receive  the  control  inpulses  from  the  signal  sources  and  determine  by  the 
onutrtnntlfiMil  presence  or  absence  of  received  signals  what  power  contact  is  to 
be  actuated.  The  concept  requirements  for  the  control  logic  are  noted  as  fol¬ 
lows; 


1.  Environment 

See  paragraph  2  b.  (l)  (a) 

2.  Performance 

a.  Interpret  the  individual  or  combi natiot)al  signals 
received  from  the  signal  sources  and  provide  a  steady 
output  "OH"  or  "OFF"  signal  level  to  the  power  con¬ 
tacts. 

b.  Transmit  faithfully  the  momentEiry  or  pulse  inputs 
from  the  signal  sources  to  the  power  contacts. 

c.  Provide  a  latching  or  lockup  capability  with  or  with¬ 
out  a  timed  operation  where  required  by  the  dictates 
of  the  functional  utilization  load. 

3.  Electrical 

a.  Provide  a  suitable  signal  characteristic  to  the 
succeeding  stages  of  the  electrical  system,  i.e., 
the  power  contacts. 

b.  Maintain  the  selected  state  of  "OH"  or  "OET"  signal 
level  independently  of  outside  influences  such  as 
signal  noise,  tenperature,  shock,  vibration,  etc., 
incident  within  the  flight  vehicle. 
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In  addition  to  the  foregoing  system  concept  reqiilreraents, 
the  individual  logic  elements  eire  presently  constructed  to  existing  nantifac- 
turer  or  military  specification  requirements  which  are  primarily  intended  for 
computer  and  electronic  system  applications.  These  requirements  principally 
concern  the  supply  voltages,  signal  levels,  frequency  responses  and  circuit 
cotifiguratLonsj  and  although  every  effort  will  be  made  to  utilize  these  exist¬ 
ing  performance  characteristics,  the  suitability  of  these  requirements  will  be 
determined  during  the  Phase  II  and  Phase  III  studies. 


c.  Device  Characterlstlce  and  Con^atlblllt:/  with  Established  Requirements 

Investigations  were  conducted  to  determine  contactless  switching 
device  characteristics  and  to  establish  their  conq>atlblllty  with  the  contact¬ 
less  switching  concepts.  Numerous  devices  were  Investigate,  but  only  devices 
exhibiting  characteristics  compatible  with  the  established  requlronents  are 
presented.  In  agreement  with  the  basic  system  philosophy,  all  devices  were 
considered  In  one  of  the  following  applications:  signal  sources,  eontjrol 
logic,  and  power  contacts.  The  following  discussions  compare  the  various 
device  characteristics  with  the  established  concept  requirements.  Infoxmatlon 
svppl.ementlng  these  discussions  Is  presented  In  the  report  appendices  as 
follows: 


Appendix  A  -  Semiconductor  Voltage  Ratings  for  Contactless  Switching 
Applications  -  Power  Contact 

Appendix  B  -  Semiconductor  Thermal  Ratings  for  Contactless  Switching 
Applications  -  Power  Contact 

Appendix  C  -  Conpatiblllty  Chart  for  Electromechanical  Conqionents  vs. 
Contactless  Switching  Concepts 


Appendix  D  -  Device  Characteristics  Charts  for  Signal  Sources,  Control 
Logic,  and  Power  Contacts 

(l)  Signal  Sources 


The  development  of  a  contactless  signal  source  to  replace 
mechanical  toggle  or  micro-switches  can  be  affected  throxigh  the  application 
of  any  of  the  following  devices:  strain  sensitive,  piezoelectric,  photo 
sensitive,  and  variable  coupling.  These  devices  all  have  the  conmon  capa¬ 
bility  of  converting  mechanical  displacement  into  an  electrical  signal. 
Appendix  D  presents  the  applicable  devices  and  their  characteristics  In 
tabular  form.  Rigorous  treatises  concerning  the  principles  Involved  with 
each  device  are  available  In  other  writings  and  generally  well  known;  there¬ 
fore,  a  detail  discussion  will  not  be  Included.  The  mechanical  desl^ 
problem  Involving  a  human  factors  engineering  effort  Is  not  within  the 
scope  of  this  study;  but  it  is  pertinent  to  note  that  although  this  task 
should  not  be  taken  lightly,  the  problems  involved  are  not  considered  to  be 
of  serious  concern.  The  very  principles  of  operation  will  iwoessltmte  a 
rather  strict  control  of  the  mechanical  actuator  due  to  the  severe  constraint 
tnposed  by  the  mechanical  environment.  What  Is  inportant  to  this  effort  Is 
how  the  signal  characteristics  of  these  devices  may  be  conpatlble  with 
the  liqput  requirements  of  the  adjacent  electrical  system  contactless  devices 
and  how  the  aircraft  environment  would  affect  these  characteristics. 
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(a)  Strain  Sensitive  Devices 


Strain  sensitive  devices  provide  an  output  signal  level 
vhlch  Is  proportional  to  applied  mechanical  deformation;  thus  by  catislng  these 
devices  to  be  stretched,  or  coq^ressed,  a  signal  level  change  Is  obtained. 

The  desired  snap-action  operation  can  be  provided  by  a  mechanical  design 
similar  to  that  used  In  a  micro- switch,  l.e.  mount  the  strain  device  on 
a  ribbon  of  metal  vhlch  would  snap  from  one  extreme  position  to  the  opposite 
when  actuated.  Another  approach  would  be  to  use  a  tunnel  diode  to  sense  the 
output  signal.  Thus,  as  the  signal  voltage  level  changes  as  a  result  of 
strain  and  approaches  the  imee  of  the  diode  characteristic  curve,  the  diode 
would  snap  from  a  low  conduction  state  to  the  hig^  conduction  state  and  vice 
versa. 


Strain  devices,  being  resistive  elements,  change  with 
teiq;>erature  variation,  vhlch  tends  to  blanket  the  desired  signal  level 
change.  The  problem  la  overcome  by  utilising  the  device  In  a  Wheatstone 
bridge  circuit.  This  requires  a  minimum  of  two  devices  for  each  signal 
source,  but  since  the  bridge  operates  on  a  ratio  principle,  a  change  In 
teiqperature  causes  a  proportional  change  In  both  devices  with  no  change 
In  ratio;  yet,  a  strain  applied  to  a  single  device  would  alter  the  bridge 
ratio,  thus  providing  the  desired  signal  change. 

This  device  has  a  low  signal  power  capability  and  therefore 
requires  simplification.  An  atteiqpt  to  draw  a  sufficient  quantity  of  power 
directly  would  heat  the  device  to  such  an  extent  that  teiqperature  would 
again  become  a  problem.  Other  than  the  possibility  that  some  electrical 
filtering  circuitry  may  be  required  to  reject  spurious  signals  caused  by 
mechanical  vibration,  depending  upon  the  adequacy  of  mechanical  design,  no 
other  factors  would  prevent  the  use  of  this  device  for  a  signal  source.  The 
adjustment  of  the  output  level  can  be  accomplished  with  little  difficulty 
by  simply  controlling  signal  amplification,  and  no  problem  Is  therefore  ap¬ 
parent  In  making  the  output  compatible  with  the  Input  requirements  of  the 
other  system  coo^onents. 

(b)  Piezoelectric  Devices 

Piezoelectric  crystal  devices  provide  a  short  duration, 
high  voltage  pulse  signal,  proportional  to  applied  mechanical  liqpact  energy. 

The  signal  wave  shape  Is  related  to  the  force  magnitude  and  rate  of  application. 
These  devices  would  lend  themselves  most  readily  to  a  momentary  signal  reqvtlre- 
ment  application.  Conversely,  the  operation  of  this  device  in  other  than  a 
momentary  requirement  application  requires  svq>plementary  circuitry  In  the  form 
of  a  flip-flop  such  that  successive  pulses  from  the  crystal  would  cause  the 
flip-flop  to  change  states.  The  flip-flop  could  then  provide  the  steady  sig¬ 
nal  level  required  for  steady  state  applications.  These  devices  do  have  one 
disadvantage  associated  with  the  steady-state  application  In  that  there  Is  no 
convenient  means  of  providing  memory. 


Piezoelectric  crystals,  iinlike  other  devices,  convert 
electrical  energy  directly  tram  mechanical  energy,  thus  not  requiring  the 
additional  circuitry  necessary  for  biasing.  The  high  voltage  level  generated 
will  require  transformation;  but  adjustment  of  this  output  level  appears  to 
have  no  reservations  attached;  and  It  Is  felt  that  Its  use  would  be  coiiq>atible 
with  over-all  system  requirements. 

(c)  Photo  Sensitive  Devices 

Photo  sensitive  devices  provide  an  output  voltage  level 
change  proportional  to  incident  lig^t  intensity  falling  on  the  photo  sensitive 
surface.  IVo  types  are  currently  available!  photo nilodesand  photo-transistors 
Photo*dlode  output  power  capabilities  are  limited  and  will  require  anqpllfl- 
catlon.  The  photo -transistor  device  has  adequate  power  capabilities  without 
anpliflcation.  Both  devices  respond  to  temperature  changes,  but  proper  circuit 
•design  will  eliminate  any  problems  in  this  area. 

The  only  remaining  area  for  concern  is  the  steady  source  of 
light  required  with  these  devices.  Incandescent  light  sovirces  are  of  course 
presently  available.  But,  whereas  photo  devices  can  stand  considerable 
mechanical  abuse,  light  sources  are  particularly  susceptible.  The  degree  to 
which  this  is  true  is  generally  well  known  throughout  the  aircraft  industry. 
Recent  developments  in  incandfl^ent  light  bulbs  have  shown  a  marked  inprove- 
ment  in  their  mechanical  characteristics  resulting  in  an  order  of  magnitude 
improvement  in  life  and  reliability.  In  general,  the  photo  sensitive 
devices  can  be  used  quite  satisfactorily  as  a  signal  source;  and  the  inter- 
rvption  of  a  light  beam  can  be  facilitated  with  very  little  difficulty  in 
mechanical  design. 

(d)  Variable  Coupling  Devices 

Variable  covpling  devices  produce  a  change  in  signal  out¬ 
put  as  a  result  of  a  change  in  the  magnetic  circuit  permeability  for  trans¬ 
formers  or  a  change  in  electric  field  permittivity  for  capacitors.  Both 
devices  require  an  alternating  bias  signal  for  operation  and  therefore  must 
be  used  in  conjunction  with  a  rectifying  circuit  to  provide  the  proper  out¬ 
put  DC  level.  The  power  levels  available  from  either  of  these  devices  will 
be  adequate  without  anplification.  The  very  small  physical  size  variable 
capacitors  used  would  require  a  rather  high  biasing  power  source  frequency, 
thus  inherently  incorporating  a  source  of  generated  interference.  Some 
shielding  techniques  may  therefore  be  required.  Both  devices  have  a  minor 
problem  with  the  electrical  snap-action  requirement,  but  the  application  of 
adequate  mechanical  design  or  the  tunnel  diode  technique  suggested  for  strain 
sensitive  devices  will  eliminate  the  problem  entirely.  Temperature  stability 
for  these  devices,  neither  are  thoxaght  to  be  very  much  affected,  can  be 
provided  in  the  biasing  circuit  if  required.  In  summary,  there  aare  no 
insurmountable  problems  associated  with  the  application  of  any  of  these  devices 
for  the  contactless  switching  electrical  system. 


( 2)  Control  Logic 


The  development  of  a  contactless  control  system  to  replace  electro¬ 
mechanical  relays  has  principally  taken  a  single  course  of  endeavor— that  of 
evaluating  the  broad  technology  currently  existing  for  coiq)uter  applications. 

The  main  effoirt  therefore  has  been  applied  to  the  evaluation  of  characteristics 
of  the  existing  logic  devices  of  vhlch  there  are  nearly  as  many  varieties  as 
there  are  manufacturers. 

These  devices  involve  several  clasnlc  logic  circuit  forms  noted 
as  follows:  Resistor  Transistor.  Resistor  Capacitor  Translstori  Direct 
Covqpled  Transistor,  Diode,  Low  Level,  Current  Mode,  and  Diode  Transistor. 

In  addition  to  the  nuniber  of  different  classicaj.  logic  circuits,  manufacturers 
producing  logic  elements  based  on  the  same  classical  circuit  description  will 
often  differ  in  the  li^lementation  of  their  design  characteristics.  These 
differences  however  generally  lie  in  the  power  simply  and  signal  voltage  level 
requirements.  There  are  also  two  manufacturing  techniques  available;  namely, 
a  modulcur  construction  versus  micro-electronic.  The  distinction  between  these 
two  is  principally  that  modular  construction  Involves  standard  semiconductor 
and  other  circuit  elements  with  a  state-of-the-art  advance  in  packaging 
technique,  whereas  the  micro-electronic  technique  generally  implies  the 
inplementatlon  of  the  circuit  on  a  single  semiconductor  substrate.  Some 
manufacturers  combine  these  two  techniques,  thus  conforming  to  neither  one 
of  the  techniques  singly.  In  general  however,  the  term  micrologic  will  always 
inply  the  smaller  of  the  two  in  physical  size. 

The  technique  of  micro-electronic  construction  is  quite  new  whereas 
the  modular  form  has  been  available  for  sometime,  and  as  may  be  expected, 
considerably  lODre  experience  is  available  on  the  older  construction.  However, 
since  the  micrologic  exement  technique  has  already  shown  good  service  charac¬ 
teristics,  there  is  little  or  no  concern  associated  with  their  application  in 
contactless  switching,  and  their  use  will  afford  the  advantages  of  reduced 
space  and  power  requirements. 

Very  little  effort  has  been  applied  in  determining  the  type  of 
classical  circuit  most  suitable  fur  application  to  contactless  switching 
during  this  phase,  althoiigh  some  initial  impressions,  to  which  the  following 
comments  apply,  have  been  formulated.  Some  of  these  circuits  would  require 
anpllflcatlon  between  succeeding  logic  stages  to  condensate  for  the  signal 
power  loss  Inherent  with  their  application.  Other  circuits  would  require 
extracurricular  circuitry  to  afford  sufficient  Isolation  between  separate 
signal  sources.  Neither  of  these  features  would  be  particularly  attractive 
in  considering  these  circuits  for  contactless  switching  applications.  As  to 
the  signal  levels  available  from  existing  logic  modules,  little  difficulty 
Is  expected  in  obtaining  satisfactory  levels  fur  operation  of  the  succeeding 
electrical  system  power  contacts,  l.e.  the  input  circuits  of  the  power 
cuntacts  can  be  made  as  sensitive  as  required  tu  accept  the  availabxe  levels. 
This  approach  is  in  keeping  with  the  approach  of  using  as  nearly  as  possible 
the  established  logic  design.  As  previousxy  mentloneu,  the  final  determination 


of  this  will  be  made  auring  the  evaluation  of  the  design  effort  of  Phase  II. 

One  point  of  some  concern  on  this  subject  is  the  susceptibility  of  these 
devices  to  signal  noise  levels  present  in  the  aircraft.  It  may  be  desirable 
to  provide  logic  design  requiring  higher  operating  levels  as  a  more  practical 
approach  over  extensive  noise  shielding.  This,  however,  was  not  concluded 
during  this  phase  of  the  study. 

(3)  Power  Contacts 

An  investigation  was  made  of  semiconductor  device  characteristics 
to  determine  what  devices  are  cocnpatible  with  the  contactless  switching  re¬ 
quirements  as  established  in  section  (b).  Following  is  a  general  dlscvisslon 
to  show  the  con^atlbllity  of  semiconductor  devices  used  in  power  contacts 
with  the  established  requirements  for  both  the  bus  and  load  switching  power 
contacts . 

(a)  Environment 

The  requirements  ln5>osed  on  power  contacts  by  section  (b) 
with  regard  to  environmental  conditions  can  be  readily  attained  with  silicon 
devices  and  good  design  practices.  Silicon  power  transistors  in  general 
have  a  high  Junction  temperature  rating  of  160®C  and  a  low  Junction  ten?)erature 
rating  of  -65 *C.  Silicon  controlled  rectifiers  in  general  have  a  high  ten?>er- 
atwe  rating  of  150*C  and  a  low  temperature  rating  of  -65  *C. 

(b)  Performance 

The  actual  life  of  semiconductor  devices  used  in  the  power 
contacts  is  estimated  above  70,000  hours  of  actual  operating  time  with  no 
deterioration  in  performance.  The  power  contacts,  when  properly  designed, 
have  a  capability  of  switching  at  rates  to  and  exceeding  10,000  times  per 
second  for  literally  billions  of  times  without  deterioration  in  performance. 

(c)  Electrical 

Semiconductor  devices  that  can  be  used  in  the  power  contact 
for  switching  either  AC  or  DC  power  consists  of  rectifiers,  silicon  controlled 
rectifiers  (SCR's)  and  transistors.  When  using  SCR's  or  rectifiers  as  the 
power  contact,  it  is  only  necessary  that  the  peak  reverse  voltage  (PRV  or 
PIV)  and  the  peak  forward  blocking  voltage  (PFV)  ratings  not  be  exceeded.  In 
the  case  of  SCR's,  this  rating  is  given  with  the  gate  open.  Additional  pre¬ 
cautions  must  be  taken  so  that  positive  voltages  are  not  applied  to  the  gate 
when  the  anode  is  negative  or  when  the  gate  becomes  more  negative  with  respect 
to  the  cathode  than  the  allowable  limit.  The  PRV  and  PFV  are  the  maximum 
allowable  ratings  and  a  safety  factor  of  10  per  cent  minimum  should  be  added 
for  in5)roved  reliability.  SCR's  with  PRV  and  PFV  ratings  in  excess  of  6OO 
volts  are  available  and,  therefore, ar  e  con5>atible  with  the  established  re¬ 
quirements  for  AC  and  DC  bus  switching  as  well  as  fOr  AC  and  DC  load  switching. 
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Pover  traoBlBtors  to  be  xieed  for  power  contacts  have  a  moire  conq;)lex  voltage 
characteristic.  The  break&own  voltage  between  collector  and  emitter  Is 
dependant  vqpon  the  associated  external  circuit  as  well  as  the  device  charac¬ 
teristics.  A  detailed  description  of  voltage  ratings  for  power  transistors 
as  well  as  SCR's  Is  given  in  Appendix  A.  For  ultimate  reliability  the  BV(g{Q 
rating  shall  govern  the  transistor  power  contact  rating.  Unlike  SCR's^  ponmv 
transistors  have  hl^  voltage  ratings  In  one  direction  only.  It  Is, 'thereBpxV; 
necessary  that  two  transistors  be  used  In  a  single  AC  power  contact  to  provide 
the  required  forward  and  reverse  voltage  ratings.  Transistors  are  not 
presently  available  with  sufficient  voltage  ratings  for  AC  bus  switching  or 
three-phase  load  switching  although  a  device  Is  available  (Delco  £N2^dO)  for 
single-phase  load  contacts.  As  previously  mentioned,  two  transistors  are 
required  to  provide  the  forward  and  reverse  voltage  rating  which  Is  also 
reqvilred  In  DC  bxis  switching.  Althou^^  devices  with  sufficient  voltage  ratings 
are  available,  transistors  with  sufficient  current  rating  fur  DC  bus  switching 
are  not  available.  Power  transistors  for  DC  load  switching  are  readily 
available  and  completely  coii^atlble  with  the  established  requirements  for  the 
DC  load  switching  power  contacts.  Although  transistors  as  well  as  SCR's  can 
be  made  cun^atlble  with  established  requirements  for  both  the  AC  and  DC  tus 
switching  systems  and  the  AC  and  DC  load  switching  system,  SCK's  are  more 
adaptabxe  to  AC  power  contacts  and  transistors  tw  DC  power  contacts. 

Electromechanical  devices,  of  course,  can  more  nearly 
approach  the  ideal  switch  than  can  semiconductor  devices  with  regard  to  contact 
drop.  The  basic  design  philosophy  shown  in  Figure  7  is  being  followed  to 
minimize  the  over-all  drop  in  the  power  distribution  system.  When  using 
power  transistors  In  the  power  contact  module,  the  voltage  drop  across  the 
device  Is  a  function  of  load  current  anu  base  current.  When  the  base  current 
is  great  enough  so  that  both  the  base-to-emitter  Junction  and  the  base-to- 
collector  Junction  are  forward  blaseu.,  the  device  Is  saturated  and  exhibits 
minimum  resistance  called  saturation  resistance.  The  voltage  drop  across  the 
saturated  transistor  depends  on  the  value  of  base  current  for  a  given  loud 
cvirrent.  The  greater  the  base  current  Is  made,  the  lower  the  contact  drop 
becomes  until  a  point  Is  reached  where  the  voltage  drop  developed  across  the 
ohmic  emitter  resistance  tends  to  Increase  the  drop.  The  amount  of  base  current 
required  Is  also  dependent  on  the  current  gain  (t^)  of  the  device.  The 
Westlnghouse  2N2100  series  of  power  transistors  have  a  typical  saturation 
resistance  of  0.037  ohms  at  a  collector  current  of  2^  anqieres  and  a  base 
current  of  ^  anqperes  at  2^*C.  The  same  transistor  has  a  typical  saturation 
resistance  of  0.0^  ohms  at  a  collector  current  of  10  amperes  and  a  base 
current  of  390  mllllanqieres.  When  using  transistors  In  the  low  current 
power  contacts.  It  Is  therefore  possible  to  stay  well  under  the  established 
requirement  of  1.0  volt  maximum.  When  SCR's  are  utilized  In  the  power  contact, 
the  voltage  drop  Is  essentially  constant  for  any  load  current  and  Is  not 
dependent  on  any  driving  current.  The  voltage  drop,  however,  is  in  the 
neighborhood  of  1.0  volt  for  all  devices.  To  conqiare  tlie  characteristics  of 
power  transistors  and  SCR's,  Figure  8  presents  a  plot  of  forward  voltage  drops  . 
and  Figure  9  presents  a  plot  of  saturation  resistances  versus  load  currents 
for  typical  devices  at  25 ®C. 
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Leakage  currents  flnra)  to  the  load  in  power  contacts 
utilising  power  translators  In  the  emitter  follower  configuration  are 
dependent  on  external  circuit  design.  Leakage  cutTent  measurements  made  on 
a  Vestlnc^use  2N2131  transistor  revealed  sero  leakage  to  the  load  with  an 
8.2k  resistor  oonneetad  from  base  to  ground.  This  measurenant  was  made  at 
S5“C  and  at  a  coUeotor  voltage  of  26  volts.  It  was  detamlnad  that  power 
contacts  designed  with  transistors  are  ooBg>atible  with  the  astaibllshad 
maximum  leakage  requirements  of  3.0  mllllaiqperes.  SCR  leakage  mirraBts 
are  Indq^ndent  of  droult  parameters  and  they  are  available  with  leakage 
currents  below  the  established  limit. 

SGR*s  with  current  ratings  up  to  235  aaperes  are  available 
and  therefore  are  eos^atlble  with  the  current  rating  xequirsmsnts  for  both 
bus  and  load  applications.  Power  transistors  with  current  ratings  to  30 
amperes  are  available,  but  this  Is  not  sufficient  for  DC  bus  switching  since 
the  devices  must  be  derated;  however,  lOO^ampere  devices  are  in  development. 

The  overload  and  surge  ratings  of  semiconductors  Is 
conplex  and  a  brief  discussion  Is  required  to  show  the  cospatlblllty  of  the 
devices  with  the  established  requlreaaents.  A  more  detailed  discussion  Is 
given  In  Appendix  B.  The  characteristic  that  determines  current  carrying 
capabilities  of  seBd.oonduotor  devices  are  maxljmaB  allowable  Junction 
tasq^rature  (Tiy,.,)  and  maximian  collector  current  rating  (Icomuc)  *  silicon 
devices, the  macdmvn  allowable  Junction  teaperature  Is  between  125*C  and  200*0. 
The  maxlimmi  collector  etorent  shotild  never  be  exceeded  because  a  phenomenon 
known  as  "Secondary  Breakdown"  could  occur  and  destroy  the  device.  During 
overload  and  surge  conditions,  power  dissipation  and  Icuaix  ratings  will  be 
the  governing  factors  In  power  txenslstors.  In  BCR's, surge  current  and 
the  I^  rating  will  be  the  governing  factors. 

The  requirements  established  for  overloads  and  surges 
can,  of  course,  be  met  with  power  transistors  as  well  as  with  SCR's.  It 
would  however  require  considerable  current  derating  of  the  power  contact 
and  hence  voxild  be  an  inefficient  design.  A  more  efficient  design  Incorporates 
current  limiting  which  will  be  discussed  in  detail  In  the  Fbase  II  Final 
Report.  To  make  power  contacts  ccaqpatlble  with  the  overload  and  surge  rating 
req\ilreaients,  the  power  contacts  will  have  an  "overload  factor"  rating. 

This  rating  Is  given  to  power  contacts  exhibiting  current  limiting  and  Is 
defined  as  the  overload  or  surge  current  that  would  flow  thro\>(di  a  device 
with  no  current  limiting  end  is  given  In  per  cent  of  rated  current.  For 
exanple,  a  power  contact  rated  at  ten  amperes  sipplylng  current  to  a  thirty- 
aopere  load  would  have  an  "overload  factor"  rating  of  30O  per  cent  even 
though  the  device  limits  the  current  to  ten  amperes.  Current  limiting,  of 
course,  reqxilres  that  the  power  transistor  operate  out  of  saturation  during 
the  overload  or  surge  condition  to  prevent  exceeding  Icmax*  Hence,  the 
power  dissipated  during  the  overload  or  surge  condition  Is  absorbed  by  the 
transistor.  It  Is  Isportant  to  note,  due  to  the  relatively  low  thermal 
capacity  of  semiconductor  devices  as  compared  to  electromechanical  devices, 
the  Junction  temperature  rises  quickly.  Hhw  quickly  the  heat  can  be  removed 
from  the  Junction  will  determine  the  overload  and  surge  capabilities  of  the 
device.  It  Is  therefore  necessary  that  the  power  transistor  have  a  low  thermal 
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resistance  Junctlon-to-case  (0jq)  and  a  high  thermal  capacitance  Junctlon- 
to-case  (Cjc).  Manufacturers  of  power  devices  generally  provide  charts 
from  which  the  designer  can  readily  determine  the  maximum  power  dissipation 
which  the  device  can  withstand  for  various  pulse  durations.  SCR's,  unlike 
transistors,  have  siurge  and  I^t  ratings  for  short  nonrecurrent  periods  of 
t^Jne.  Hie  surge  current  rating  (isurge)  is  given  for  8.3  milliseconds. 

The  I^t  i-atlng  is  given  for  durations  shorter  than  8.3  milliseconds.  Since 
the  established  requirements  are  for  longer  time  periods,  phase  control 
mode  of  operation  will  be  used  to  give  an  effective  current  limiting 
characteristic.  This  too  will  be  discussed  In  the  Phase  II  Final  Report. 

This  same  concept  will  apply  to  circuit  protection  in  the  loeid  switching 
pOT-rer  contacts  In  order  to  make  them  compatible  with  the  established  require¬ 
ments.  Circuits  can  be  designed,  as  will  be  discussed  In  the  Phase  II 
Final  Report,  that  will  sense  current,  voltage  and  time  to  provide  the 
desired  "trip"  signal.  AC  load  s^/ltching  power  contacts  using  SCR's  must 
bo  phase  controlled  during  turn-on  since  the  device  will  not  turn  "off" 
faster  than  within  one-half  cycle  which  v;ould  be  long  enough  to  destroy  the 
device  during  fault  conditions. 

Design  techniques  which  will  permit  switching  the  AC 
power  contact  "on"  at  the  zero  degree  Tiolnt  will  ijermit  the  power  contact 
to  operate  within  the  limitations  of  specification  MIL-I-6181. 

The  po(-rer  dissipated  in  the  power  contact  consists  of  "on" 
losses  and  "off"  losses.  In  the  "on"  condition  the  losses  can  be  divided 
into  three  groups:  (l)  the  main  contact  losses,  (2)  the  driving  power  losses, 
and  (3)  the  control  circuit  losses.  In  the  "off"  condition,  the  pcn/er 
losses  in  the  pov/er  contact  are  due  to  leai^ge  only  which  is  small  in 
silicon  devices.  Power  losses  in  the  "on"  condition  will  depend  on  the 
device  being  used  as  the  main  contact.  In  a  power  contact  using  a  ijower 
trans'-stor  as  the  main  contact^thc  device  iDasses  through  the  active  or 
high  dissipation  region  vrhen  it  Is  first  tuj'ned  "on".  In  contactless 
switching  applications,  this  ai'ea  is  traversed  so  rapidly  and  at  such  low 
duty  cycles  that  th’s  power  loss  can  be  considered  negligible.  It  is 
v'hlle  the  device  's  OTierating  in  the  "on"  condition  that  major  power  losses 
are  developed.  These  losses  can  be  given  an: 

^loQs  ^  (l-t)  I  1q^  ^  ■’  Control  Losses  (l) 

iniere:  t  is  the  time  "on" 

Vgj;  Is  the  supply  voltage  in  volts 

Ip^  Is  the  leaV^ge  current  in  fmperes 

Tg  IS  the  collector  or  load  current  in  amperes 

Res  Is  the  saturation  resistance  In  ohms 

IB  ’s  the  driving  ciu-rent  in  am}?eres  and 

Vqe  in  the  base-to-emitter  drop  in  volts. 

Ass'TO'ng  the  first  tern  is  negligible  and  t  »  1  (Continuous  orieration)  then: 

PiosE  "  '  ^B^BE  Control  Losses  (2) 
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f f io IsDcy  of  titafi  power  connect  In  t<he  "on"  con&liilon  is  Ishen  given  tyi 
Bff  ■  I  1  -  (iC^kJS)  +  Ib^&B  +  Control  Losses 

The  contact  losses  (lc%cs)  will  predominate.  It  is,  therefore,  necessary 
that  the  power  transistor  have  a  low  saturation  resistance  oharaeteristie. 

To  minimize  the  driving  power  losses  (IbVbb),  the  device  should  exhibit  a 
low  characteristic.  Also  the  device  should  have  a  high  current 
while  operating  in  saturation  so  the  driving  current  Iq  Is  minimized.  The 
control  losses  which  consist  of  circuit  protection,  tum-on  and  tum-bff 
should  not  exceed  10  per  cent  of  the  total  losses.  An  wynyit*  of  the 
present  state-of-the-art  in  transistor  design,  is  the  family  of  30-aiqpere 
NPN  silicon  transistors  developed  by  Westlnghouse  and  designated  as  the  2R1830 
and  2R2130  series.  At  25*C  these  devices  have  a  typical  saturation  resistance 
of  0.035  ohms,  Vbb  of  I.9  volts  and  a  current  gain  of  5  at  a  collector  current 
of  25  an5)eres.  The  devices  also  have  a  typical  saturation  resistance  of  0.05 
otos  at  a  collector  current  of  10  aiqperes  when  driven  with  a  base  cxnrent  of 
380  mlUiaaperes .  The  efficiency  of  a  lO-ainpere  power  contact  using  the 
transistor  in  a  28-volt  DC  system  ftpom  equation  (3)  is; 

-  97% 

Using  the  same  transistor  in  an  AC  power  contact  would  yield  higher  efficiencies 
slr.ce  the  losses  are  independent  of  siq)ply  voltages.  The  control  function  of  an 
SCR,  of  course,  is  con5>letely  different  from  a  power  transistor.  In  the  "on" 
both  the  emitter  euid  collector  are  biased  conq>letely  "on")  and, 
as  long  as  the  external  svpply  is  sufficient  to  maintain  the  emitter  and  col¬ 
lector  biases,  the  device  remains  "on"  without  the  requirement  of  any  driving 
power.  The  turn-on  power  loss  is  therefore  negligible  in  a  continuous 
operating  circuit  since  only  a  pulse  signal  is  required.  The  total  power 
lose  of  a  power  contact  in  a  DC  circuit  using  an  SCR  can  be  given  as: 


Ploss  ■  +  Control  Losses 


ik) 


Where:  Vj,  -  the  forward  voltage  drop  of  the  SCR  at  load  current  and 
It  ■  the  load  current. 

The  efficiency  can  be  given  as: 


Bff 


ILVy  +  Control  Losses  J 


(5) 


VccIl 

Where:  V(;(j  is  the  sv^ply  voltage. 

As  an  example,  a  power  contact  using  the  2N687A  SCR  has  a  voltage  drop  of  0.86 
volts  at  20  anperes  at  25*C.  In  a  28-volt  DC  circuit,  the  efficiency  from 
equation  (5)  is: 


Ex.^  -  I  1  -  (20)(.86)  +  2.0 

L  (a6)(20)  J 


100 


Using  tba  SCR  in  an  AC  contact,  efficiencies  of  99  cent  can  be  obtained 

since  the  drop  across  the  SCR  is  independent  of  supply  voltage  and  essantlAlly 
constant  with  load  current. 


d.  Developnent  Factors 

Tbs  davalopnent  factors  outlined  herein  sure  those  device  ctaiuracterls- 
tlce  vhlch  BRist  be  considered  in  the  develppnent  of  new  and  loproved  devices 
and  assesiblles  to  neet  the  requlreoientB  established  for  contactless  svltching 
concepts  for  application  to  aircrskft  electrical  systeas.  These  desired 
characteristics  are  discussed  for  the  applicable  areas  of  slgnsiL  sources, 
control  logic  and  power  contacts. 

(l)  Signal  Sources 

In  consideiring  the  developnent  requlreaents  for  signal  sources, 
it  Bust  be  understood  that  efficient  use  of  electrical  power  is  not  of  aajor 
importance,  since  the  power  requlreaents  are  in  the  milliwatt  range.  What 
is  la^ortant,  however,  is  efficient  conversion  of  mechanical  motion  into  an 
electrical  signed  and  high  reliability.  Some  developmental  considerationa  to 
eushieve  these  requirssMnts  cue  noted  as  follows: 

(a)  Strain  Sensitive  Devices 

Oage  factor  is  defined  as  the  percentage  change  in  output 
signal  for  a  given  change  in  stress.  An  increase  in  gags  factor  for  strain 
sensitive  devices  would  afford  greater  signal  differential  between  the  "GV” 
and  ''an*”  states  of  the  signal  sources.  With  the  developawnt  of  semlconduetor 
strain  sensitive  elemetits,  the  state-of-thenurt  now  provides  an  appmadmate 
maxlmiai  30  per  cent  change  in  signal  level.  Further  development  in  this  area 
would  make  the  design  of  signed  sources  with  coa^lete  isolation  of  signal 
change  resulting  from  temperature  changes  or  mechanical  shock  and  vibration 
much  euler  to  accosqpllsh. 

(b)  Piezoelectric  Crystal  Devices 

Several  laanufacturers  are  now  producing  piezoelectric 
ceramics  that  will  meet  signal  source  design  reqiiireaents  under  all  conditions. 
However,  sosie  suitable  type  of  actuating  mechanism  development  should  be 
undertaken.  A  mecbanlam  meeting  this  requlreswnt  should  insure  that  the 
crystal  is  not  actuated  as  a  result  of  mechanical  shock  and  vibration  and  yet 
is  unlfomljr  actuated  each  time  operation  is  desired. 

(c)  Photo  Sensitive  Devices 

As  it  was  pointed  out  earlier  in  this  report,  reliable 
light  sources  are  the  major  shortcoming  in  the  design  of  photo  sensitive  de¬ 
vices.  Manufacturers  are  now  engaged  in  the  research  and  development  of 
light  sources  coaposed  of  semiconductor  materials  s\ich  as  Oalliui  Arsenide 
and  OalUim  Phosphide;  and  it  is  ejqpected  that  these  sources  will  be  lanme 
to  shock  and  vibration  and  have  essentially  infinite  life.  Photo  sensitive 
devices  are  presently  being  used  in  switching  applications;  and  only  the 
source  of  suitable  iUvadnation  limits  their  life. 


35 


(d)  Variable  Coupling  Devices 

The  developoeat  of  a  differential  transfortner  with  a  higher 
output  in  the  "on"  condition  and  lower  leakage  in  the  "off"  or  "null"  condi¬ 
tion  would  be  highly  desirable.  This  would  provide  a  greater  differential 
between  the  two  states  and  reduce  the  circuitry  now  required  to  construct  a 
suitable  signal  source. 

Several  manufacturers  are  now  engaged  in  research  and  develop¬ 
ment  in  these  prcAilem  areas,  and  it  is  expected  that  most  of  the  present 
deficiencies  will  be  eliminated  in  the  near  future. 

(2)  Control  Logic 

Considerable  care  should  be  exercised  before  contemplating  any 
alteration  of  the  characteristics  of  devices  which  have  evolved  through  the 
amount  of  eiqperlence  presently  available  on  logic  elements.  It  is  therefore 
pertinent  to  note  that  the  following  cocments  should  be  received  with  some 
reservation  pending  the  results  of  the  Phase  H  Design  Study. 

Future  developments  in  devices  for  a  control  logic  adapted  for 
general  aircraft  application  should  consider  the  retention  of  avieh  available 
characteristics  as  low  power  dissipation,  small  physical  sine,  flexibility 
and  reliability;  and,  in  addition,  achieving  compatibility  with  the  aircraft 
environment  without  extensive  shielding  or  other  suppressive  requirements. 

The  development  of  this  type  of  control  logic  depends  strongly  iq>on  the 
techniques  required  to  produce  logic  elements  con^atible  with  the  typical 
aircraft  electrical  system  envlrotsaent.  This  may  require  some  adjustment 
of  circuit  design  and  power  requirements  to  create  a  greater  interference 
immunity.  This  obviously  would  affect  the  size  of  elements  and  the  densities 
that  can  be  obtained.  Since  flexibility  also  requires  that  the  element 
density  not  exceed  the  point  where  economical  replacement  of  a  single  failed 
device  can  be  fostered,  the  natural  result  of  increasing  package  size  may 
turn  out  to  be  a  coapensatixig  feature. 

It  will  require  further  study  to  detezuine  which  of  the  design 
factors  should  assume  major  inqportance  and  how  the  design  con^romlse  can  best 
be  made  between  these  factors  to  achieve  the  most  feasible  control  logic. 

(3)  Power  Contacts 

Development  factors  that  must  be  considered  for  new  and  isqproved 
devices  in  the  area  of  power  contacts  are  as  follows: 

(a)  Power  transistors  with  current  ratings  above  100  anq^res. 

(b)  Power  transistors  with  a  maximum  saturation  resistance  of 
0.01  ohms  at  a  collector  current  of  ^0  asperes. 
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(e)  Pomr  tnoulBtors  vlth  a  blgh  Jvmctlon-to-eafle  thexnal  capa¬ 
citance  (typically  1*0  TOtt^aee  V 

Bn  ' 


(d)  Power  translstore  with  a  low  Junctlon-to-case  tbemal  reelet- 
anee  ( tyi^cally  0.1  *C  )  , 

wait 

(e)  Power  tanneletore  with  high  baee-to-emltter  threshold  volt- 
agea  (typically  0.$  vdt). 

(f)  Power  transistors  with  voltage  ratings  (BVcbq)  above  600 
volts. 


(g)  Power  transistors  with  high  pulse  power  capabilities  (typi¬ 
cally  10,000  watts  for  iO  milliseconds). 

(h)  SCR's  with  voltage  drops  of  0.5  volt  maxlimim  at  rated 
currents  up  to  fifty  amperes. 
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3*  ConclUBlons 


a.  ConclualoDB 

Th«  conelualons  that  are  drawn  frcm  the  Inveatigatlons  and  analorvaa 
conducted  during  thla  phaee  of  the  prograa  are  listed  below.  Sone  of  these 
conclusions  are  baaed  on  preliminary  Infomatlon  and  will  be  subject  to 
change  as  additional  Infomatlon  Is  made  available  by  studies.  Investigations, 
and  evaluatlona  being  conducted  diurlng  Phases  II  and  III  of  this  program. 

(1)  The  system  philosophy  assmed  has  considerable  merit  In  the  fact 
that  only  the  power  contact  section  will  be  exposed  to  the  stringent  require¬ 
ments  of  MIL-STD-704  and  MIL-W-^OSS. 

(2)  The  electrlccJL  characteristics  cuod  requlrestents  of  the  signal 
sources  can  be  reasonably  obtained  with  several  devices  such  as  piezoelectric 
crystals,  dlfferentlcd  transformers,  pressure  transducers,  etc.,  within  the 
present  state-of-the-art  of  variable  parameter  device  development.  The 
mechanical  design  requirements  irtiich  depend  on  hunan  factors  criteria  will 
require  considerable  development. 

(3)  The  control  logic  section  cem  be  made  ccmpatlble  with  tha  sdr- 
craft  environment  and  other  sections  of  the  contactless  switching  system  by 
utilizing  devices  within  the  present  state-of-the-art  of  microelectronic 
developamnt. 

(U)  The  requirements  for  AC  power  contacts  and  DC  power  contacts  are 
so  divergent  that  separate  families  of  standards  should  be  established  rather 
than  trying  to  establish  a  universal  power  contact  to  handle  both  AC  and  DC 
power  switching. 

(^)  The  electrical  characteristics  euod  requirements  of  the  power 
contacts  can  be  reasonably  obtained  with  selected  devices  and  cooipensatlng 
circuitry  within  the  present  state-of-the-art  of  semiconductor  developsent. 

(6)  Voltage  drop  between  the  generation  point  and  the  utilization 
equipment  within  the  limits  specified  by  Mllltcuy  Specifications  can  be 
reasonably  obtained  with  AC  switching  concepts  but  will  be  marglnsLl  with  DC 
concepts. 


(7)  The  present  and  future  essential  requirements  for  aircraft 
electrical  systems  can  be  reasonably  obtained  with  Judicious  selection  and 
proper  derating  of  devices  fabricated  within  the  present  state-of-the-art 
of  sesilconduotor  development. 
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PART  II 


I 

¥ 


1.  Appendices 

a.  Appendix  A  -  Semiconductor  Voltage  Ratings  for  Contactless  Switching 
Applications  -  Power  Contact 

( l)  Power  Transistors 

Power  transistors,  because  of  their  solid-state  characteristics, 
are  inherently  long-life,  reliable  devices.  However,  the  lifetime  of  the  device 
is  largely  determined  by  the  circuit  designer.  There  are  certain  basic  limi¬ 
tations  which  must  be  well  understood  in  achieving  the  utmost  in  reliability. 
Certain  maximum  ratings  %fhich  are  assigned  by  manufacturers  to  power  trcuaslstors 
may  be  misleading  if  one  is  not  fully  aware  of  the  meaning  of  these  ratings. 

Power  transistor  voltage  ratings  are  probably  the  parameters  most  fi:«<iuently 
violated  and  this  violation  is  the  chief  cause  of  power  transistor  failures. 

This  discussion  will  present  the  basic  power  transistor  voltage  breakdown 
mechanisms  and  their  relationship  to  the  external  circuit  so  that  reliable 
circuits  will  be  designed  for  aircraft  electrical  system  applications. 

Voltage  ratings  of  power  transistors  in  general  are  limited  by: 
punch-through  and  breakdown  voltage  ratings.  A  discussion  of  each  follows. 

(a)  Punch-Throu^ 

"Punch-through"  phenomenon  is  a  result  of  the  depletion  layer 
spreading  more  in  the  base  region  than  the  collector  region  and  eventvmlly 
reaching  into  the  emitter  region.  When  "punch- through"  occurs,  the  emitter 
will  be  electrically  shorted  to  the  collector;  and  transistor  action  will  cease. 
However,  no  permanent  damage  occurs  to  the  transistor  if  the  external  circuit 
sufficiently  limits  the  current;  except  for  aluminum  dqped  alloy  power  transistors. 
Punch-through  voltage  is  a  function  of  base  width  and  base  resistivity  and  is 
given  as: 


VpT  -  (Al) 

for  germanium  PNP  transistors.  Silicon  devices  which  are  grown  diffused, 
double  diffused,  planar,  mesa,  and  planar  epitaxial  do  not  normally  exhibit 
this  phenomenon.  However,  it  is  prevalent  in  silicon  alloy  devices  and  is  given 
as: 

V«n  -  U.T  X  l<Pv^  (A2) 

for  silicon  NPN  power  transistors.  With  large  base  widths  and  sufficient  base 
raglon  and  collector  region  doping;  pxmch-through  ratings  exceeding  ^00  volts  can 
be  obtained  in  silicon  HPN  power  transistors.  Hole  mobility  in  silicon  NPN 
devices  is  less  than  half  the  electron  mobility  of  PNP  devices;  therefore,  the 
maximum  attainable  punch-through  voltage  is  doubled  in  NPN  power  transistors. 
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This  la  one  of  the  reesons  for  the  scarcity  of  silicon  PMP  power  transistors. 

In  low  frequency  applications,  as  will  be  the  case  In  contactless  switching 
applications,  the  base  can  be  relatively  thick  so  that  punch- through  will  not 
be  a  limitation.  Manufacturers  normally  do  not  specify  punch-through  voltages 
for  power  transistors  since  this  voltage  will  usually  be  equal  to  or  higher 
than  the  collector  diode  breakdown  (BVCBo)  rating. 

(b)  Breakdown  Voltage  Ratings 

The  breakdown  voltage  rating  between  collector  aiid  emitter  is 
more  complex  since  it  is  a  function  of  individual  device  characteristics  and 
associated  external  circuit.  These  voltage  ratings  are  generally  listed  on 
the  device  data  sheets  and  are  identified  as:  BVc30>  BVc^O,  BVqeS,  BVcer» 
®VcEX*  BVjjgo* 


These  ratings  will  be  dlscxissed  individually  for  alloy  devices 
since  power  transistors  of  the  alloy-type  generally  will  be  applicable  to  contact¬ 
less  switching. 


1.  Collector-To-Base  Breakdown  -  Emitter  Open  (BV(;3o) 


CoUector-to-base  breakdown  is  the  result  of  avalanche  multi¬ 
plication.  The  cxarve  of  the  collector  cutoff  current  (iCBO)  showing  the  point 
where  the  current  begins  to  avalanche,  called  breakdown  (BV(;so)>  shown  in 
Figure  Al.  Since  leakage  currents  (l^o)  appreciable  in  alloy  power 
transistors,  they  play  an  important  part  in  breakdown  ratings.  Tie  multiplication 
factor  M  for  a  given  coUector-to-base  voltage  is  given  as: 


Both  BV(30  constant  for  a  power  transistor  of  a  given  type  and  are 

dependent  on  the  semiconductor  material  (silicon  or  germanium),  the  resistivity 
of  the  base,  and  the  predominant  type  of  charge  carrier.  Typically  n  is  3  for 
germanium  PNF,  5  for  germanium  NPN,  and  3  for  all  silicon  trcmslstors.  As 
can  be  seen  from  equation  (A3)  snd  Figure  Al,  M  approaches  infinity  at  high 
collector-to-base  voltages  (Vc©)#  where  collector  current  (l(j)  begins  to 
avalanche  and  breakdown  occurs .  This  voltage  is  given  by  equations  (a4) , 

(A5),  and  (a6): 


BVcbo 

^CBO 

BV(JB0 


ko/>  (NPN  Silicon) 

85/^  (.63)  (pjQ,  Silicon) 

83.4  /^^*^^(PNP  Germanium) 


(a4) 

(A5) 

(a6) 


Note  that  breakdown  voltage  incx^ases  with  an  increase  in  base  resistivity, 
whereas  punch-throvigh  voltage  decreases  with  an  increase  in  base  resistivity 
(eqviatlons  Al,  A2) .  The  optimum  voltage  of  a  power  transistor  is  obtained 
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^CB  *^^080 

Figure  II.  Typical  Power  Transistor  Avalanche  Cheracteristic 


when  breakdown  and  puncb-throu^  will  occur  approximately  simultaneously  for 
a  given  base  material.  Breakdown  rating  of  power  transistors  exceeding  ^00 
volts  has  been  bbtained.  This  voltage  is  very  seldom  encountered  since  leakage 
current  and  surface  breakdown  will  usually  occur  first. 


2.  CoUector-To -Emitter  Breakdown  -  Base  Open  (BVcj;o) 


The  collector-to-emitter  breakdown  is  usually  the  lowest 
breakdown  voltage  of  a  pdwer  transistor.  This  breakdown  occurs  at  the  collector- 
to-emitter  voltage  where  the  common-emitter  current  transfer  ratio  ^  becomes 
infinite  as  shown  in  Figure  A2.  This  voltage  is  given  asi 


BV(jeo  •  BVgpo  (at) 

It  is  interesting  to  note  that  BVmQ  is  independent  of  I(][bq  although  the 
current-voltage  path  to  breakdown  is  dependent  on  1(^0  >  ^Iso  iiOte  that  high 
current  gains  at  low  collector  currents  are  undesirable. 


Collector-To-Bmitter  Breakdown  as  a  Function  of  External 
Circuit  C^IBIcbr) 

A  general  equation  can  be  derived  for  the  I(;  vs. 
curve  for  all  conditions  of  the  external  circuit  parameters  shown  in  Figure  A3> 
An  expression  for  the  general  collector-emitter  breakxlown  voltage  is: 


BVge 


BVcbo 


1  - 


1  +  +  re 


Rb  +  *b 


(AS) 


Assuming  the  Internal  emitter  and  base  resistances  are  negligible,  it  can  be 
seen  from  equation  (Ad)  that  if  the  load  resistance  (Rj^)  is  allowed  to  approach 
infinity  or  Rg  becomes  zero,  BV^g  will  approach  BV^g^.  Also,  if  ^  becomes 
infinite  or  Rt  becomes  zero,  BVQg  will  approach  BVcg^.  If  both  Rt  cmd  Rd 
are  zero  (whl&  would  be  base  shorted  to  emitter),  then  the  brealnCown  voltage 
designated  as  BVq^  is  obtained  and  is  given  as: 


BVni.fi  ■  BV^3Q 


oC 

1  +  re 
rb 


(A9) 


The  BVj^  voltage  is  usually  specified  as  the  maximum  Vm  rating  on  the  device 
data  smet.  As  can  be  seen  in  Figure  a4,  the  BVnBfi  voltage  curve  approaches 
BVcB0>  then  reverses  and  approaches  BVcgo  as  the  collector  current  increases. 
Therefore,  at  low  collector  currents  BV^gg  BV(«gQ  and  at  hl^  collector  currents 
BVqes*"  BVcgy.  The  equation  for  BVcg  as  a  function  of  the  external  circuit 
Is^aiso  valid  where  Rj^  and  Rg  are  not  zero  so  that  resistance  ratios  can  be  fixed 


Flgor*  a3>  Trancittor  SchsMtie  ShoHiag  Bxt«rMl 
drcttii  P*rMMt«r«  Mthoat  R«v*rM 


Fifur.  aU.  Typiwl  8?^^,  BVcbr  and 

ChanetcriaUee 


aa  deairvd.  Thai*  TOltaflt  ounraa  vUl  fUJJL  batwaan  tba  BYogp  and  V/nma 
ourvaa  aad  ara  &aal|piatad  aa  BVqBI*  ^  braakdoiRi  la  fanarally  ahowi  on 

data  ahaata  and  it  glYaa 


BVcgg  •  BV(ao  y  1 1  .  ai 

V 

Ifc  +  rb 


(Axo) 


This  equation  la  tba  aane  aa  aquation  (A8)>  axeapt  R*  la  saro.  MOte  that  at 
hl^  valuaa  of  tba  breakdown  volta^  daoreaaaa  toward  BVrgo*  An  equation 
fbrBVcB  can  alao  ba  given  In  tama  of  tba  leakage  eurrant  U^)  *** 


BVcbi  ■  BV(ao 


iCBO  +  n>) 


(AU) 


It  la  laportant  to  note  that  the  breakdown  voltage  daereaaaa  with  an  Inereaae 
In  teoperature  since  1(2bo  Inoreases  with  tewperature,  aasuadng  and 
aare  constant. 


4.  Colleotcnr-To*4tnltter  Breakdown  •  Revaraa  Bias  (BVcsx) 

Vben  a  reverse  bias  la  applied  between  tba  anlttar  and 
base,  as  shown  in  Figure  A$,  tbs  breakdown  voltage  can  be  Increased  above  the 
BVggs  value.  As  was  previously  aantloned,  emitter  Injection  takas  place 
only  when  the  base  to  emitter  Junction  Is  forward  biased  above  tbe  tbresbold 
voltage  That  Is,  Injection  will  occur  wbsnt 

ICBO  (%  +  »b)  >  ^  +  (^8) 

Tbe  breakdown  point  is  designated  as  BVcgx  and  la  given  byt 

b*cb-«*<so  ^1 .  iiao  (»  <*«> 

Figure  a6  shows  a  series  of  breakdown  curves  for  different  values  of  Ym . 

Rote  that  BV<yy  increases  with  an  increase  of  reverse  bias.  However,  tbsre 
Is  a  limit  ofreverse  bias  that  should  be  applied.  Whan  B^  is  an^roachsd  or 
when  the  IR  drop  across  the  Junction  renders  reverse  drive  uaffeetive  In 
removing  leakage  carriers,  no  fhrthsr  increase  of  reverse  drive  is  daalrkbla. 

(c)  Power  Transistor  Operating  Rations 

Definite  areas  of  operation  with  regard  to  voltage  and  currant 
exist  in  power  transistors.  In  general,  these  areas  can  ba  divided  into  regions 
of  operation  as  shown  in  Figure  A7*  The  limits  of  region  A,  which  is  the  focward 
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Pigure  a7*  Typical  Safa  and  Oteafa  Oparatlng  Raglona 
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Figure  10.  Typical  Oparatlng  Lead  Unas 


bias  region,  are  determined  by  the  avalanche  brealtdown  BVgBp  and  the  maxfjmai 
collector  current  rating  for  the  transistor.  Uils  Is  the  maximum  reliability 
area.  As  long  as  the  load  line  i:  in  this  area  and  dissipation  is  within 
allowable  limits,  the  power  transistor  vrlll  not  short  out.  Operation  in  this 
area  will  provide  the  designer  with  a  safeguard  insofar  as  unknowns  or  oc¬ 
casional  power  surges  are  concerned. 

The  limits  of  region  B,  which  is  the  reverse  bias  region 
or  negative-resistance  region,  are  determined  by  the  avalanche  brealtdown 
BVcuo  and  the  u^jper  limits  of  the  respective  brealtdoxm  voltage  for  a  particular 
external  circuit  condition.  Passing  a  load  line  through  this  region  can  be 
a  dangerous  practice.  A  load  line  AXB  intersecting  the  negative  resistance 
area  as  shown  in  Figure  A8  will  cause  the  transistor  to  "hang-up"  at  point 
X.  If  the  current  ic  allowed  to  continue  until  point  0  is  reached,  a  second 
negative  reslstcmce  occurs  and  the  curve  will  follow  the  dotted  line.  Ihis 
Is  ’tnown  as  "second  breakdown",  and  the  tixjislstor  will  be  destroyed.  A  load 
line  CD,  as  shown  in  Figure  AC,  would  provide  safe  operation  if  the  load  Is 
pure  resistive.  In  practice,  however,  there  ore  severs.l  factors  that  can 
cause  deviation  from  thir  iderJ.  case.  Temperature,  power  supply  transients, 
switching  spikes,  auid  i*eective  loads  can  cause  the  Inctuntaneous  oT>eratlng 
point  to  be  forced  Into  the  negative  resisteuice  region  as  shor/n  by  curve  CXD. 
Operation  in  the  dangerous  negative  resistcuice  region  can  be  avoided  by  making 
certain  that  voltages  in  excess  of  BV(^  are  never  applied  to  the  transistor. 

(2)  Silicon  Controlled  Rectifiers  (CCR) 

Althougli  the  basic  theory  of  operation  of  SCR's  is  generally 
explained  In  the  two  transistor  anaJ-ogj-,  the  voltage  ratings  of  DCR's  is 
different  froin  that  of  transistors.  A  diceussion  of  these  ratings  is  given 
to  provide  the  designer  a  gcnciT.!  understanding  of  their  meaning  so  that  de¬ 
vices  will  be  selected  to  provide  re.llable  circuits.  Voltage  ratings  of 
LiCR's  generally  listed  on  device  data  sheets  are  identified  as  PRV,  FRVfmnc 
Vrdc»  Vbo,  pfv  and  Vq.  a  discuBsion  of  each  follovrs;  ’’ 

(a)  Repetitive  Peal;  Reverse  Voltage  (PRV) 

TliiB  is  the  noxinium  alloTObie  instantaneous  repetitive 
reverse  voltage  that  should  be  applied  to  the  anode  with  the  gate  open. 

/although  this  ic  not  a  "breakdown"  voltage  as  is  shown  on  Figure  A9,  it  should 
never  be  exceeded  except  by  verj-  short  duration  transients.  If  this  rating 
is  exceeded  for  relatively  long  dwations  (over  5  milliseconds),  the  device 
ic  likely  to  go  into  avalajiche  breakdown;  and  if  the  current  is  not  suffici¬ 
ently  limited,  the  device  will  be  destroyed. 

(b)  Transient  Peak  Reverse  Voltage 

IMr.  ic  the  maxlmiua  voltage  that  shou3.d  be  applied  to  the 
anode  on  a  continuous  basis  which,  of  course,  will  be  the  rating  used  for 
applicable  DC  power  contact  applications  ouch  as  bus  switching. 
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(e)  Ibrvmrd  Braakdown  Voltag*  (V^q) 

Ihls  is  tbs  vilus  of  positive  snods  voltsfls  at  idildb  t^ie 
SCSt  iriU  svltoh  Into  the  "on"  state  with  the  gate  oireuit  open.  Dsvlee  qpeei- 
fication  sheets  give  the  hreekover  voltage  tor  the  vorst  ease  eoadltioas  vhich 
is  vith  the  gate  open  at  —*<■*—  aUomhle  Junetion  te^pezature  slaee 
thi*  rating  is  sensitive  to  tesperature,  gate  drive  and  also  to  the  rate  of 
rise  of  foward  voltage  (2).  dsereases  vith  an  Inerease  In  tsuwmture 

as  veil  as  vith  an  inerease  in  gate  drive.  Since  a  fast  rate  of  rlsegS 

oan  fire  indspendent  of  any  gate  sigadS. 
t  oharaeteristle  in  elreuits  vith  high  fre- 
queney  transients.  Oats  is  usually  given  on  data  sheets  vhleh  vlU  petsit  a 
designer  to  seleot  deviees  whose  ratings  will  not  he  exceeded  under  the 
possihle  rates  of  rise  to  ^ch  the  device  nay  be  subjected.  Curves 

showing  the  rate  of  rise  of  forward  blocking  voltage  for  the  2H680 

series  of  SCR's  is  shown  in  Figure  AlO.  Hots  that  a  higher  voltage  rated 
device  will  allow  a  his^r  rate  of  rlee  of  forward  voltage  for  a  given  peek 
circuit  voltage.  The  eharaeterlstie  ie  also  dependent  on  the  extexml 
circuit  configuration.  For  exanple,  reverse  biasing  the  gate  with  respect 
to  the  cathode  will  Inerease  the  device  ^  capability. 

(d)  Peak  Forward  Blocking  Voltage  (PFV) 

This  is  the  instantaneous  value  of  forward  voltage  that 
nay  be  applied  to  the  anode.  As  shown  in  Figure  A9,  this  voltage  rating  is 
higher  than  the  Vgorating.  However,  since  it  is  of  an  instantaneous  nature, 
the  SCR  nay  or  nay  not  breakover  when  V^is  exceeded.  It  is  Inportant  to 
note,  however,  that  if  anode  breakover  should  occur  above  the  PFV  limit,  the 
SCR  can  be  dsamged.  On  the  other  hand,  no  dsnage  to  the  SCR  would  be  eiqperl- 
eneed  should  breakover  occur  belcw  this  limit.  Since  SCR's  are  not  deslgoed 
to  be  brought  into  conduction  by  exceeding  the  Vqq  rating,  an  external  cir¬ 
cuit  should  be  deslgiMd  to  trigger  the  SCR  throu^  the  gate  prior  to  exceeding 
the  PFV  limit. 


effectively  redmees  V„,  an  SCR 
This,  of  course,  is  aa^lmportan 


(e)  Cate  Firixig  Voltage  (Vq) 

This  is  the  gate-to-catbode  voltage  required  to  fire  the 
SCR.  Several  Unltotlans  are  liposed  on  the  gate  signal  for  reliable  opera¬ 
tions.  One  limitation  is  that  the  gate  to  cathode  voltage  rating  (nonndly 
10  volts)  not  be  exceeded  and  the  negative  voltage  rating  between  gate  and 
cathode  (normally  3  volts)  not  be  exceeded.  It  is  also  isportant  that  a 
continuous  de  gate  bias  not  be  used  for  triggering  when  an  alternating  voltage 
is  being  applied  to  the  anode.  During  the  .reverse  part  of  the  AC  cycle, 
the  ano^  reverse  current  would  be  greatly  increased  by  an  appmclable  flow 
of  positive  gate  current,  and  the  excess  power  could  destroy  the  device. 

This  dissipation  can  be  limited  with  external  circuit  dsslpt  techniqiuos.  In 
AC  circuits  using  two  SCR's  shunted  in  reverse  directions,  for  emmiplsi,  one 
of  the  two  SCR's  always  "short  out"  the  other,  so  that  the  device  which  is  re¬ 
versed  biased  oan  allow  a  considerable  gate  dissipation. 
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(c)  Forward  Breakdown  Voltage  (V^q) 


This  is  the  value  of  positive  anode  voltage  at  which  the 
SCR  will  switch  Into  the  "on"  state  with  the  gate  circuit  open.  Device  speci¬ 
fication  sheets  give  the  "breakover  voltage  for  the  worst  case  conditions  which 
is  with  the  gate  open  and  at  maximum  allowable  Junction  teiEperature  since 
this  rating  is  sensitive  to  temperature,  gate  drive  and  also  to  the  rate  of 
rise  of  forward  voltage  (^)*  VgQ  decreases  with  an  increase  in  temperature 
as  well  as  with  an  increasl  in  ga'te  drive.  Since  a  fast  rate  of  rise 
effectively  reduces  V  ,  an  SCR  can  fire  Independent  of  any  gate  signair 
This,  of  course,  is  an^important  characteristic  in  circuits  with  high  fre¬ 
quency  transients.  Data  is  usually  given  on  data  sheets  which  will  permit  a 
designer  to  select  devices  whose  ratings  will  not  be  exceeded  under  the 
possible  maximum  rates  of  rise  to  which  the  device  may  be  subjected.  Curves 
showing  the  maximum  rate  of  rise  of  forward  blocking  voltage  for  the  2N680 
series  of  SCR's  is  shewn  in  Figure  AlO.  Note  that  a  higher  voltage  rated 
device  will  allow  a  higher  rate  of  rise  of  forward  voltage  for  a  given  peak 
circuit  voltage.  The  ^  characteristic  is  also  dependent  on  the  external 
circuit  configuration.  For  example,  reverse  biasing  the  gate  with  respect 
to  the  cathode  will  increase  the  device  ^  capability. 


(d)  Peak  Forward  Blocking  Voltage  (PFV) 


This  is  the  instantaneous  value  of  forward  voltage  that 
may  be  applied  to  the  anode.  As  shown  in  Figure  A9,  this  voltage  rating  is 
higher  than  the  Vgo^ating.  However,  since  it  is  of  an  instantaneous  nature, 
the  SCR  may  or  may  not  breakover  when  VgQis  exceeded.  It  is  important  to 
note,  however,  that  if  anode  breakover  snould  occur  above  the  PFV  limit,  the 
SCR  can  be  damaged.  On  the  other  hand,  no  damage  to  the  SCR  would  be  experi¬ 
enced  should  breakover  occur  below  this  limit.  Since  SCR's  are  not  designed 
to  be  brought  into  conduction  by  exceeding  the  VgQ  rating,  an  external  cir¬ 
cuit  should  be  designed  to  trigger  the  SCR  through  the  gate  prior  to  exceeding 
the  PF/  limit. 


(e)  Gate  Firing  Voltage  (Vq) 

This  is  the  gate-to-cathode  voltage  required  to  fire  the 
SCR.  Several  limitations  are  imposed  on  the  gate  signal  for  reliablvj  opera¬ 
tions.  One  limitation  is  that  the  gate  to  cathode  voltage  rating  (liormally 

10  volts)  not  be  exceeded  and  the  negative  voltage  rating  between  gate  and 

cathode  (normally  5  volts)  not  be  exceeded.  It  is  also  important  that  a 
continuous  dc  gate  bias  not  be  used  for  triggering  when  an  alternating  voltage 
is  being  applied  to  the  anode.  During  the  reverse  part  of  the  AC  cycle, 

the  anode  reverse  current  would  be  greatly  increased  by  an  appreciable  flow 

of  positive  gate  current,  and  the  excess  power  could  destroy  the  device. 

This  dissipation  can  be  limited  with  external  circuit  design  techniques.  In 
AC  circuits  using  two  SCR's  shunted  in  reverse  directions,  for  example,  one 
of  the  two  SCR's  always  "short  out"  the  other,  so  that  the  device  which  ic  re¬ 
versed  biased  can  allow  a  considerable  gate  dissipation. 
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la  eooeluilon  It  can  ba  Mid  that  when  SCR*  a  are  appli^ 
veil  vithin  their  ratinipi  and  not  subjected  to  over-voltagee,  the  device  'ie 
one  of  the  noat  reliable  of  all  aeadeonduetor  devices. 


In  conclusion  it  can  be  said  that  when  SCR' 
well  within  their  ratings  and  not  subjected  to  over-voltages,, 
one  of  the  most  reliable  of  all  semiconductor  devices. 


s  are  applied 
the  device  is 
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LIST  OF  SYMBOI£ 


BVcbo  "  Breakdown  Voltage,  Collector  to  Base,  Emitter  Open  Circuited 

BVcbo  -  Breakdown  Voltage,  Collector  to  Emitter,  Base  Open  Circvilted 

BVqej^  -  Breakdown  Voltage,  Collector  to  Emitter,  Base  Connected  to 

Emitter  through  a  Resistor 

BVqjs  -  Brealcdown  Voltage,  Collector  to  Emitter,  Base  Shorted  to  Emitter 

BVcjjjx  -  Breakdown  Voltage,  Collector  to  Emitter,  Base  to  Emitter  Diode 

Reverse  Biased 

BVgBo  “  Breakdown  Voltage,  Emitter  to  Base,  Collector  Open 
Iq  -  Collector  Cxirrent 

M  -  Multiplication  Factor  in  Collector  to  Base  Breakdown 
n  -  Rate  of  Multiplication 

Rg  -  External  Beise  Resistance 

r^  -  Internal  Base  Resistance 

rg  -  IntemcJ.  Emitter  Reaisteoice 

-  Emitter  Load  Resistance 
Vgg  -  Supply  Voltage  for  Reverse  Bias 
VgQ  -  Blocking  Voltage  of  an  SCR 

VcB  -  Voltage,  Collector  to  Base 

VqC  -  Collector  Supply  Voltage 

Vj)  -  Base  to  Emitter  Threshold  Voltage  Below  Which  No  Emitter  Multipli¬ 
cation  Occurs. 

VpB  -  Punch-through  Voltage  in  Volts 
W  -  Beise  Width  in  Centimeters 

CX  -  Common  Base  Currant  Gain 
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^  -  Common  Rmltter  Cvirrent  Gain 


Base  Resistivity  in  ohm  -  Centimeters 

Base  Majority  Carrier  Mobility  in  cm/ volt -sec. 
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b.  Appendix  B 

Semiconductor  Thermal  Ratings  for  Contactless  Switching  Applications - 
Power  Contacts . 

This  discussion  is  intended  to  serve  as  a  guide  in  thermal  considera¬ 
tions.  In  order  to  be  as  general  and  yet  as  pertinent  as  possible,  only 
those  theories  and  practical  factors  which  influence  the  thermal  ratings  and. 
use  of  transistors  and  SCR*s  as  power  contacts  will  be  discussed. 

Transistors  represent  a  radically  different  thermal  problem  from 
SCR' 8.  At  a  given  load  current  and  contact  drop^they  will  have  a  higher 
dissipation  than  SCR's  due  to  losses  in  the  base  which  are  caused  by  base 
drive  current  across  the  base  to  emitter  junction.  This  tends  to  make 
transistors  dissipate  substantially  less  power  than  SCR's  at  low  currents 
but  more  at  high  currents.  SCR's  are  limited  to  high  thermal  Inipedances  and 
low  thermal  capacities  compared  to  traoislstors  due  to  the  radically  different 
device  geometries.  For  both  devices,  however,  the  absolute  limit  of  dissipa¬ 
tion  is  that  -vdilch  will  cause  the  junction  temperature  to  rise  to  the  maximtim 
permissible  jtinctlon  temperature  Tj  max. 

(l)  Transistor  Power  Contacts 

Transistors  exhibit  a  saturation  characteristic  so  close  to  a 
true  resistance  that  it  is  referred  to  by  the  semiconductor  industry  as 
satxiration  resistance  (Rcs)«  Thus,  the  dissipation  in  a  transistor  while  in 
saturation  is  roughly  proportional  to  the  square  of  the  load  current.  This 
is  given  as: 

p  =  IqVce  +  (bi) 

We  can,  by  studying  the  trana conductance  curves  on  typical  transistors,  find 
that  to  a  very  close  approximation: 

P  =  Ic(lc%s)  +  *75) 

because  Vce  =  Vgg  »  Ic^CS  +  *75 

where  .75  is  the  threshold  voltage  of  the  base  to 
emitter  diode.  But  Rps  is  almost  exactly  equal  to 
Res  on  nearly  all  transistors,  so; 

P  =  Icf*CS  Ic//?9^ 

=  I^Rcs  (1  +  1/^^)  +  .75  Ic/^^  (B2) 

If  we  hold  Res  constant  and  investigate  the  effect  of  changing 
values  we  find  that  at  high  currents  (.75  changing 

from  infinitely  great  to  10  results  in  approximately  10  per  cent  dissipation. 
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which  does  not  seem  an  unreasonable  Increase  for  most  applications.  Dropping 
from/5^equal  10  to  equal  5>  ve  find  an  additional  10  per  cent  Increase  in 
dissipation^  which  might  be  acceptable  in  seme  cases.  At  low  cvirrents  (l^Rcs 
<^75  the  6^  becomes  lncreasin£p.y  important  in  gaining  efficiency 

and,  thus  lowering  steaidy-state  dissipation.  We  can  see  that  high  '/alues  of 
are  not  essential  in  high  current  contacts,  but  may  be  very  important  in 
low  cvirrent  contacts. 

If  we  assume  ■  10,  which  is  a  practical  value  for  0-,  for  the 
current  state-of-the-art  in  high  efficiency  power  transistors,  we  can  re- 
eirrange  equation  B2  as  follows: 

p  .  igpcs  +  i§Rcs/io  +  .75  ic/io 
-  1.1  igPcs  +  .075  Ic  (B3) 

We  therefore  see  that  at  high  currents  (l§R(::S»  .075  Ic)  "the 
power  constmied  is  nearly  equal  to  the  square  of  the  current  multiplied,  by 
1.1  Res.  It  is  Inmediately  apparent  that  in  high  cxirrent  contacts,  Reg  is 
by  far  the  most  critical  parameter. 

(a)  Current  Limiting  Power  Contacts 

Power  contacts  with  current  limiting  represent  a  trade-off 
between  steady-state  performance  and.  transient  dissipation  capabilities.  For 
this  reason, one  of  these  factors  must  be  balanced  against  or  considered  along 
with  the  other  to  determine  contact  svdtabllity  for  a  given  application. 

1.  Integral  Heat  Sink 

In  this  application, the  contact  is  considered  as 
depending  solely  on  its  attached  heat  slii  for  heat  removal.  In  any  thermally 
conductive  structure  such  as  an  aircraft,  avoiding  small  enclosures  will 
prevent  the  contact  from  being  exposed  to  temperatures  greater  than  85“C 
(i85®F)  during  operation,  and  by  making  the  enclosure  large  enough  to  allow 
at  least  5  cubic  feet  per  minute  air  flow,  the  following  discussion  applies. 

a.  Continuoxis  Ratings 

At  the  low  levels  of  p>ower  dissipation  which  will 
be  encountered  in  a  saturated,  contact^no  damage  to  the  contact  will  ever  occur. 
However,  this  dissipation  should  cause  the  mlnlmvmi  possible  temperature  rise 
at  the  jvmction. 

Examining  commercially  available  heat  sinks,  we 
find,  that  the  model  NC-4Ul  Cooler  made  by  Delta-T  Co.  offers  a  natural  con¬ 
vection  0  of  .5^  "C/W  at  100  watts  (see  Figure  Bl).  This  sink  is  4.5"  X 
4.75"  X  5.5",  aud  is  mounted  3/32"  off  the  horizontal  with  the  long  axis 
vertical.  Although  other  heat  sinks  approach  this  performance,  no  less  0 
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FIGURE  81:  TYPICAL  HEATSINK  CHARACTER  I STICS 


should  he  considered,  for  the  ten-ampere  treinsistor  contacts  presently  avail¬ 
able  unless  forced  air  Is  used  or  enough  contacts  are  groui)ed  or  stacked  to 
provide  "chimney  action."  Improvement  offered  by  such  variations  eure 
detemined  by  the  Individual  configurations  and  are  seldom  discussed  in 
literature  in  any  other  way]  nevertheless,  considering  that  the  largest  0 
in  such  a  case  is  from  the  sink  to  the  ambient  because  of  the  very  low 
conductivity  of  air,  and  consriLting  the  forced,  convection  characteristics 
of  Figure  B2,  it  can  be  assumed  that  nearly  any  configuration  which  offers 
additional  driving  power  to  the  convective  process  will  greatly  improve  heat 
transfer  to  the  ambient. 

b.  Pulse  Ratings 

Figure  E3  shows  the  equivalent  thermal  circuit  of 
a  typical  high  power  transistor  for  pulse  power  analysis.  Since  these  pulses 
are  considered  as  being  very  short  term,  the  case  of  the  transistor  will  be 
assumed  to  remain  at  a  constant  temperature  during  the  pulse.  This  will 
introduce  a  negligible  ejrror  in  light  of  derating  factors  used  elsewhere  and 
is  in  agreement  with  the  manufacturer's  literature. 

Upon  application  of  a  pulse  of  power,  the  tempera¬ 
ture  of  the  J’onctlon  begins  to  rise  exponentially  per  the  equation; 

AT  =  P©  jc  (l  -  )  (Blf) 

Using  typical  values  per  MIL-STD-TOJ^,  we  obtain: 

-.0^ 

AT  =  (500)  (.35)  (1  -  €  TTHo) 

-•222 

=  175  (1-  £  *  )  =  35“C 

for  an  8o  volt,  4o  millisecond,  pulse 

and 

_  .180 

T  =  300  (.35)  (1  -  e 
=  105  (.63)  =  66“C 

for  a  60  volt,  180  millisecond  pulse.  Figure  b4  gives  a  more  complete  plot 
of  dissipation  allowable  versus  MrL-STD-704  requirements.  Sufficient  time 
must  be  allowed  between  pulses  for  the  transistor  to  recover,  of  course,  but 
this  is  easily  accomplished  in  the  design  of  the  reset  circuitry. 

c.  Combined  Steady-State  and  Pulse  Ratings 

To  better  illustrate  the  interdependence  of  steady- 
state  and,  pulse  power  ratings,  let  us  cover  a  typical  design  example; 

Required;  Design  a  10  ampere  contact  which  will 
current  limit  at  11  amperes  and  which  wiDJ.  comply  to  MIL-^TD-704  at  85°C 
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GURE  B2. :  HEAT  SINK  FORCED  CONVECTION  C H ARACTER I STfCS 


FIGURE  63  TRANSISTOR  THERVlAL 

FOR  pulse.  POVA/ER  ANALV^SIS. 
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ambient.  Use  typical,  values,  as  tcderances  will  be  determined  by  the 
requirements  established  in  the  initial  design. 

•  -’4- 

Referring  to  equation  b4;  »P  (l  — 

Select  MIL-8TD-70i*  requirement  of  a  60  volt  transient  for  l8o  mlllseconds 
as  the  worst  transient  indicated  by  Figure  b4.  By  equation  B4,ve  obtain: 

At  -  300  (.35)(1-€“^)  -  105  (.63)  «  66*c 

Assume,  for  the  moment,  that  the  Junction  temperatxire  will  be  able  to  rise 
to  on.  absolute  maximum  allowable  Junction  temperature  of  IT^^O.  The  initial 
temperature  of  the  Junction  must  be  no  greater  than: 

Tj  -  Tj  ^  -AT  (B5) 

or,  in  our  case: 

Tj  «  175“-  66**=  109*C 

Since  the  sink,  ignoring  the  very  small  0  from  case  to  sink,  asy  rise 
to  no  more  than  109"C  In  an  ambient  of  85“C  under  steady -state  conditions, 
we  can  find  the  maxlm\mi  allowable  sink  d  with  a  variation  of  Ohm’s  Law: 

T  -  P©  SA  (b6) 

where  P  is  equivalent  to  current  and  T  is  equivalent  to  voltage.  Therefore: 

T  -  109  -  85*C  »  PesA  ■ 

The  trip  out  x>olnt  on  a  typical  device  would  be  at  a  minimum  of  Rqs  ■  ,06 
ohms  to  allow  for  the  rise  in  Rqs  vLth  temperature,  so  frcsn  equation  B2: 

T  »  1.1  (10)‘^(.06)  +  .075  (10)  =  7.35  watts.  So  7.35  9  SA  “  or  ©SA 

»  approximately  3.2  "C/w.  Allowing  .1  *C/w  for  the  thenMO.  inqpodance  of  the 
transistor  case  to  heat  sink  Joint,  we  have  ©  SA  “  S*!’  C/W. 

It  woxild  seem  reasonable  to  keep  the  actual  thermal 
impedance  of  the  sink  as  low  as  possible,  consistent  with  space  eoad  weight. 
Commercial  sinks  of  very  reasonable  size  and  weight  are  obtainable  in  this 
range  of  ©sa* 


2,  External  Heat  Sink 

External  sinks  will  be  considered  to  be  in  the  fonn  of 
thin  metal  plates  on  ^rtilch  multiple  contacts  eure  moxmted,  and  the  maximum 
heat  dissipation  from  all  these  contacts  is  small  compared  to  the  dissipating 
capabilities  of  the  plate,  or  in  the  form  of  installations  where  adequate 
heat  paths  to  structure  exist  to  keep  ^T  very  small. 
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a.  Continuous  Ratings 

With  the  above  assumptions,  contlnuoiis  ratings  are 
limited  to  a  maximum  value  determined  by  the  thermal  resistance  of  the  tran¬ 
sistor,  or  At  ■  7*35  (•35)  ■  2.6*C  per  equation  B5  for  a  typical  10  ampere 
contact.  Commercial  convective  sinks  will  allow  about  8"C  rise  under  the 
above  conditions,  and,  it  seems  reasonable  to  assume  that  an  external  sink 
would  allow  some  Improvement  over  integral  sinking,  so  a  3  to  &*C  maximum 
rise  in  temperature  at  the  connection  to  a  transistor  seems  to  be  practically 
attednable  for  a  10  ampere  contact. 

b.  PiiLse  Ratings 

No  change  in  pulse  ratings  can  be  achieved  with 
sinks  external  to  the  case  of  the  transistor  with  existing  transistors  other 
than  in  the  rejwtltion  rate.  Attainable  repetition  rates  being  quite  adequate, 
no  further  consideration  will  be  given  to  them. 

(b)  Non-current  Limiting  Poxrer  Contacts 

The  maximum  continuous  rating  necessary  is  the  only  one 
which  need,  be  considered,  since  any  other  rating  will  be  lower  and  less 
stringent.  Therefore,  considering  the  maximum  allowable  current  at  the 
(by  MIL-STD-704)  maximum  voltage  across  the  contact,  we  have  by  equation  B2 
for  the  2N2130  series: 


P  »  1.1  (900) (.067)  +  .075  (30)  =  68.25  vatts 

ConsTJlting  the  manxifactvirer’s  data  sheets,  we  find  that  the  maximum  permissi¬ 
ble  sink  temperature  at  this  dissipation  is  approximately  l40*C  (see  Figure 
B5).  Consiilting  the  Delta-T  model  NC-441  data  sheet,  we  find  that  a  tenpera- 
ture  differential  of  l40®-  85®C  will  allow  100  watts  to  be  di.ssipated  by 
natural  convection  (Figure  Bl),  so  we  conclude  reasonable  designs  are  feasible. 

(2)  Silicon  Controlled  Rectifier  Contacts: 

SCR's  are  most  severely  limited  by  their  thermal  fatigue  ratings, 
which  limit  the  number  of  short  term  extreme  temperature  excursions  of  the 
Jtinction  to  typically  100  to  500  times  per  contact  lifetime.  Fortunately, 
design  procedures  which  eliminate  such  excursions  by  either  placing  the  SCR 
in  series  with  current  limiting  switches  or  by  propojrtionally  controlling  the 
"On”  time  of  the  SCR  as  a  power  limiting  mesisure  have  been  developed.  Large 
SCR  switches  pass  through  their  active  region  in  approximately  one  micro¬ 
second.  Because  the  number  of  times  it  must  switch,  even  when  being  v»sed 
for  current  limiting,  is  limited  to  4O0  times  per  second  in  400  cycles  per 
second,  systems  at  cixrrents  which  the  power  limiting  circuitry  will  limit  to 
abovrb  10  times  rated  current,  it  can  be  assumed  that  the  power  consxmied  by 
the  SCR  during  switching  is: 
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Psw  -  1/2  (nt)V  (B7) 

(based  on  each  pover  pulse  generated  by  switching  throvigh  the  active  region 
being  very  close  to  the  area  of  a  triangle  equal  to  l/2  the  area  of  the 
rectangle  Vw^v  This  power  will  be  negligible  con5>£tred  to  the  con- 

tlnuoxis  power  which  is  given  by; 

P  -  1/2  VaIa 

For  example;  Given  a  power  contact  in  which  *  10  amperes,  Vf/A  “  1  volt, 
^max  =  300  volts,  Imax  “  100  amperes,  t  »  1  x  10“°  seconds,  n  -  400  cycles 
per  second. 

Power  dissipated  due  to  switching  is; 

Psw  -  1/2  (400)(1  X  10“6)  (300) (100) 

**.6  watts 

Continuous  power  dissipated  is: 

P  B  1/2  (1)(10)  B  5  watts 

Total  dissipated  power  is  5*6  watts 

From  this,  the  preceding  discussions  on  determining  the  maximum  ratings 
allowable  in  steady -state  operations  under  the  headings  of  ''Integral  Heat 
Sink",  "Current  Limiting  Contacts,"  "Transistor  Power  Contacts"  are  directly 
apidicable,  except  that  the  temperature  allowable  from  sink  to  ambient  will 
be  larger  as  no  allowance  need  be  made  for  power  pulses.  Therefore,  the 
sink  can  be  much  smaller. 
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LIST  0:p  SYMBOLS 


P 

In 

VCE 

Ib 

Ybe 

/Ss 

9 

®JC 

CjC 

®SA 

Psw 

va 

lA 

n 

T 

t 

yt 


Saturation  Resistance  of  a  Transistor 

Poorer  Consumed 

Collector  Current 

Voltage,  Collector  to  Emitter 

Base  Current 

Voltage,  Base  to  Emitter 

Beta  Used  To  Insure  Good  Saturation  Characteristics 

“C 

Thermal  Resistance  in  -rr- 

w 

Thermal  Resistance  From  Jtinction  To  Case 

Thermal  Capacitance  From  Junction  To  Case  in  Ws'bt  Seconds 

*C 

Thermal  Resistance  From  Sink  To  Ambient 
Power  Consumed  in  Switching 
Average  Voltage 
Average  Cvirrent 

Number  of  Operations  per  Second 

Temperature 

Time 

Transistor  Thermal  Time  Constant 
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c.  Appendix  C  -  Cou5)atlblllty  Chart  for  Electromechanical  Components’ vb. 

Contactless  Switching  Concepts 

The  following  con^iatibility  chart  lists  the  aircraft  system  charac¬ 
teristics;  gives  the  specification  requirements  of  the  characteristics 
for  conventional  electromechanical  relays,  switches  and  circuit  breakers 
as  applicable;  and  gives  the  present  capability  or  realistic  requirement  where 
specification  requirements  are  nonexistent  for  contactless  switching  concepts 
such  03  power  contacts,  logic  and  signal  sovirces  as  applicable.  This  chart 
will  serve  as  a  quick  reference  to  show  the  compatibility  of  contactless 
switching  concepts  with  electromechanical  con^sonents. 
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COMPATIBILTrY  CHART 
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iIX  C  (cont'd) 
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d.  Appendix  D  -  Device  Characteristics  Charts  for  Signal  Sources-, 
Logic  and  Power  Contacts 

The  following  charts  list  some  of  the  devices  that  are  considered 
capable  of  meeting  the  requirements  for  application  to  aircraft  electrical 
systems.  These  charts  list  only  the  device  characteristics  that  are  pertinent 
to  their  application  in  contactless  switching  systems. 
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DEVICE  CHARACTERISTICS  LOGIC 
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Transistor  Coi?>led  Logic 


EAET  HO.  VOLTAGE  CURREHIIT  CONTACT  LEAKAGE  AT 

(volts)  (aaiperes)  DROP  RATED  VOLTAGE 

(volts)  AITD  TEMPERATUR] 


^  R  ^  ^  R  ^ ! 


lA  lA  lAl/N 
rH  1-4 


tA  IAIA< 
b-  < 


O  lA  ^  lA  I 
Q  b-  F-  t—  < 

CU  rn  fH  f-l  ( 


$SSB$$SBBBSBBBS$ BBB BBBBBB 

u\ir\u\ir\ir\tf\if\ir\if\u\u\u\ir\u\ir\\r\it\ir\ir\ir\u\ir\u\ir\u\ 

VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVO 

I  I  I  >  I  I.  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


*^^ij%cucvjSSSc^cococoSS8SSoococoSS8^S 


<3 

H  r-l  u  \ 


Jim 

<^*5  -i  <e  <  ^ 

00  H  H  H  CU  lA  lA  lAcO  H  H  H  W 

oj  cu  cvj  ..  . 


(a)©^ir\if\c3c3a3cSf^t^P-0©5;)(a)®  @©0®© 

O  O  t-VOVD  oooooooooooof-™P-ooooo 


I— trHHf— IrHrHHrHi— IrHHrH 


H  H  H'H  H 


,  trMf\ 

<;  b-  t—  O  O  O 

ir\  F— I  fH  rH 


OOOOOiiAOOOOOOOVNOO 

c\ic\jojcvjcvjc\joocorocncncvicvic\icoco 


C\1  CO  CO 


OirNOOQOCQQOOQQQQQQOQOOOOO 

cvjoji^uoomopoic\OOOOOOOtr\oicMrMfMrMrN 

rHCOOJCV)i-lF-)CViC(irHHCVJHHHHrHHrHC\JHrHHiHH 


pH  ^OVO  t^“CO  v  \  ^ « -  (  « -  f  > -  (  « -  f « •  I  » - 1 

Q  oJ  uoa5  HHCVJCVjWt--  t— t“C-t“C-cococoi-t-t-t-t- 

at^omoOCVJCyCVJHfQpQHHHHHrHHrHHHHHH 

3HHcvii-tHcviojcMoo\oSa\pppppcviolcJpoppp 

E^WC'JCVWC\IWCyCyc0Hr^H^/3C0CQC0CQWCU0JraCQCQCQCQ 


CO^  lAVO  t~CO  Q\ 

COCOHOJCOCOCOCOCOfo 
t— COCOCOI— t— C“t— t— 


79 


DBVIGE  CHARACTERIgriCS 
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SUMMARY 


The  investigations  conducted  during  Phase  I  of  the  Contactless  Switching 
Program  have  determihed  the  factors  that  must  be  considered  in  the  develop¬ 
ment  of  new  or  improved  contactless  switching  devices  and  assembiles  that 
will  meet  aircraft  electrical  system  requirements.  These  factors,  such  as 
voltc^e  ratings,  current  ratings,  thenoal  characteristics,  contact  drop, 
noise,  etc.,  have  been  enumerated  and  given  absolute  valties  necessary  to  be 
conqpatible  with  aircraft  electrical  systems  requirements. 

The  development  factors  were  determined  by  investigative  engineering 
studies  and  analyses  which  considered  the  present  and  anticipated  aircraft 
electrical  systems  requirements,  the  interpretation  of  these  requirements  in 
light  of  contactless  switching  systems,  and  a  ccnq>atlbllity  analysis  of 
device  and  assembly  chairacteristics  determined  feasible  within  the  present 
state-of-the-curt  in  semiconductor  development. 

Investigations  to  establish  the  aircraft  electrical  system  requirements 
were  conducted  in  the  areas  of  generation,  distribution,  utilization  and 
control.  These  investigations  consisted  of  a  review  and  interpretation  of 
Mn,-arD-704,  MIL-E-5088,  MrL-I-6o6l,  the  F-8c  (f8u-2)  schematics  and  the 
characteristics  of  typical  utilization  equlpaent. 

Investigations  to  establish  the  contactless  switching  concept;  require¬ 
ments  were  conducted  in  the  areas  of  bus  switching  and  protection,  load 
switching  and  protection,  and  control.  These  investigations  considered  all 
of  the  established  aircraft  electrical  system  requirements  in  li(;ht  of  the 
contactless  switching  system's  advantages  and  limitations. 

The  investigations  and  analyses  to  determine  the  cooqiatlblllty  of  de¬ 
vices  and  assemblies  with  the  established  requirements  considered  the  areas 
of  signal  sources,  control  logic  and  power  contacts.  These  investigations 
included  the  consideration  of  devices  that  eu?e  feasible  within  the  present 
state-of-the-art  as  veil  as  those  that  are  presently  available  in  production. 
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BEFERENCE8 


The  following  specifications  emd  standards  were  tused  to  establish 
coopatiblllty  requirements. 


MIL-E-5272 

MIL-I-6I8I 

MIL-W-5088 


MIL-arD-202 

MIL-STD-70U 
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